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Abstract  
The combine effects of climate changes, the continue and considerable increase of 
energy demand in the world, the instability of fossil fuel prices as well as the energetic 
dependence of some countries who are not fuel producers leads to important development of 
renewable energies. More again, the energy bill in its dizzying rise causes the prices increase 
for raw materials, goods and even basic necessities. It is therefore imperative to go in for 
diversification of energy sources on the one hand and means to produce energy at a relatively 
low cost on the other hand. 
This thesis proposes a novel approach for aerodynamic modelling of Darrieus type 
vertical axes wind turbines (VAWTs). Indeed, it is a contribution to the build-up of a global 
electric model for vertical axis wind turbine conversion system with a view to improve 
monitoring, diagnosis and maintenance. 
The goal of this research work is double: firstly, to propose an innovative approach 
for aerodynamic modelling of VAWTs and secondly, based on this approach, to build a new 
equivalent electric model for the study, analysis and aerodynamic optimisation of Darrieus 
type VAWTs. More broadly, this work aims to contribute to the development of new tools, 
techniques and methods to improve the design, optimization, diagnosis, prognosis and 
monitoring of Darrieus VAWTs to better ensure their maintenance. The purpose is to provide 
the scientific community and the wind turbine industry with new tools that can ameliorate 
the reliability and thus increase performance and efficiency of Darrieus type VAWTs. 
An equivalent electric circuit model for three-blade DT-VAWT rotors was builded. 
The new model that we named the Tchakoua model is based on a recently developed 
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approach for modelling DT-VAWT rotors using the equivalent electrical circuit analogy. 
The proposed model was built from the mechanical description given by the Paraschivoiu 
double-multiple streamtube model and was based on an analogy between mechanical and 
electrical circuits. Thus, the rotating blades and the blades’ mechanical coupling to the 
shaft are modelled using the mechanical-electrical analogy, and the wind flow is modelled 
as a source of electric current. 
Model simulations were conducted using MATLAB for a three-bladed rotor 
architecture, characterized by a NACA0012 profile, an average Reynolds number of 
40,000 for the blade and a tip speed ratio of 5. The results obtained show strong agreement 
with findings from both aerodynamic and computational fluid dynamics (CFD) models in 
the literature. 
Keywords: Renewable energy, wind turbine; Darrieus turbines; vertical axis wind 
turbine; condition monitoring, diagnosis, maintenance, modelling; electric circuit model; 
aerodynamic characteristics; performance analysis; Tchakoua model 
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RÉSUMÉ 
Les effets conjugués du réchauffement climatique, l’augmentation considérable et 
continue de la demande énergétique mondiale, la volatilité des prix des énergies fossiles, la 
dépendance énergétique de certains pays non producteurs de pétrole, font que les énergies 
renouvelables bénéficient actuellement d’un essor très important. De plus, la facture 
énergétique dans sa hausse vertigineuse entraîne les matières premières, les biens de 
consommation et même les produits de première nécessité. Il est donc impératif de réfléchir 
à la diversification des sources d’énergie d’une part et aux moyens de produire de l’énergie 
à un coup relativement bas d’autre part. 
Cette thèse propose un modèle électrique équivalent pour les rotors d’éoliennes à axes 
vertical. Elle constitue une contribution à la construction d’un modèle électrique global de la 
chaine de conversion éolienne.    
L’objectif de cette recherche est d’une part de proposer une nouvelle approche de 
modélisation des éoliennes à axe vertical; et d’autre part d’élaborer, sur la base de cette 
approche, un nouveau modèle pour l’étude, l’analyse et l’optimisation aérodynamique des 
éoliennes à axe vertical de type Darrieus. De façon plus large, ce travail vise à contribuer au 
développement de nouveaux outils, techniques et méthodes devant permettre d’améliorer la 
conception, l’optimisation, le diagnostic, le pronostic et la surveillance des éoliennes à axe 
vertical de type Darrieus afin de mieux assurer leur maintenance. La finalité étant de mettre 
à la disposition de la communauté scientifique et de l’industrie de l’éolienne de nouveaux 
outils pouvant permettre d’accroître la performance aérodynamique ainsi que le rendement 
énergétique des éoliennes à axe vertical de type Darrieus.  
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Un modèle électrique équivaut pour rotor d’éolienne de type Darrius tri-pales a été 
développé. Ce nouveau modèle que nous avons nommé le ‘Tchakoua model’ est basé sur une 
nouvelle approche de modélisation des rotors d’éoliennes à axe vertical utilisant des circuits 
électriques équivalents. Le modèle a été construit sur la base de description à double disque 
actuateur à multiple tubes de vent faite par Paraschivoiu et est basé sur l’analogie   circuits 
mécaniques et circuits électriques appliquée à l’aérodynamique. Ainsi, les pales et le 
couplage mécanique à l’arbre lent sont modélisées en utilisant l’analogie mécanique-
électrique tandis que l’écoulement de vent est modélisé comme source de courant.  
Les simulations ont été effectuées avec le logiciel MATLAB pour un rotor tripal 
caractérisé par un profil NACA0012, un nombre de Reynold moyen de 40000 et une vitesse 
spécifique de 5. Une validation croisée de ces résultats avec les données issues des modèles 
aérodynamiques ou même des modèles numériques de dynamique des fluides montre de 
bonnes concordances.   
Mots clés : Énergie éolienne, éolienne de Darrieus, éolienne à axe vertical, surveillance, 
diagnostic, maintenance, modélisation, circuit électrique équivalent, caractéristiques 
aérodynamiques, Tchakoua Model  
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Chapter I                                                                                                           
GENERAL INTRODUCTION 
 
This chapter discusses the background of the work covered in this thesis, the 
challenges it tackled, its targeted objectives and an overview of its resulting scientific 
contributions. 
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1.1. INTRODUCTION 
Electric energy is essential for the economic development in all countries of the 
world. It relative importance increases with technical progress, industrialization and the need 
for comfort in modern societies. The estimated share of renewable energy in global power 
generation (including hydropower) reached 24.5% in 2016 [1]. Indeed, in a world context 
marked by global climate warming, considerable and continuing increase in world energy 
demand, volatility of fossil fuel prices, energy dependency of certain non-oil producing 
countries, etc., renewable energies are growing steadily. 
 
Figure I-1   Share of renewable energy in global power generation in 2016 [1]. 
Figure I-1 shows the structure of electricity generation and that of renewable 
electricity production in the world in 2016. As it can be seen, apart from hydroelectricity, 
wind energy sector represents the first renewable energy source. This tendency will be 
consolidated further for, with an average growth of 28% per year over the last 10 years, 
because wind energy is the most expanding renewable energy source in terms of installed 
capacity. In addition, according to GWEC (Global Wind Energy Council) forecasts, wind 
energy production could reach 2110 GW in 2030, which would then represent about 20% of 
the world's electricity consumption and could create up to 2.4 million new jobs [2], [3].  
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1.2. THESIS MOTIVATIONS  
In recent years, there has been a renewed interest in vertical axis wind turbines 
(VAWTs). Indeed, VAWTs have several advantages compared to horizontal axis wind 
turbines (HAWTs). Among other advantages, VAWTs are insensitive to the wind speed and, 
consequently, do not require any orientation system with respect to wind direction [4], [5]. 
They are also less noisy than HAWTs, which make them more suitable for installation in 
urban environments. For these wind turbines, the gearbox and the generator can be placed at 
ground level, which makes maintenance easier and, as a result, reduces operating costs [6].  
Also, VAWTs have greater resistance to strong winds. Finally, the wind speed slow down 
for VAWTs is lesser compare to that of HAWTs, therefore, VAWTs can be installed close 
to each other in a wind farm [7] . However, VAWTs have a major flaw that explains why 
they are not used on a large scale: their yield is much lower than that of HAWTs [8].   
 Socio-economic motivations 
The reputation of wind industry amongst populations and communities in Quebec 
province is not of it best. Here are some of the reasons often mentioned: 
- Wind energy is often more expensive than hydroelectricity produced by Hydro-
Québec; 
- Wind farms are important sources of noise pollution; 
- The aesthetic aspect; indeed, the integration of wind turbines into the landscape and 
the appreciation of their appearance are major criteria in the acceptance of this mode 
of energy production; 
- WTs contribute to the decimation of birds and bats populations. 
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Yet Quebec's wind energy potential is enormous and estimated between 8000 and 
12000MW [9]. Moreover, the economic impact of wind energy production on communities 
is not negligible. In fact, in addition to the royalties paid, the wind sector provides many good 
jobs and therefore significantly contribute to stimulate local economy. 
So as to make the most of this huge potential, the Québec government intends to 
encourage the production of electric power by private companies as well as cogeneration 
with the Hydro Québec network. In addition, it’s about for Quebec, on one hand to continue 
to offer electricity at the lowest price in North America and, on the other hand, to have 
supplementary energy sources in order to overcome significant increase in energy demand 
observed during peak consumption (during episodes of extreme cold for example). Achieving 
these objectives and at the same time responding to community concerns require the 
implementation of reliable and low-cost technologies as well as the development of local 
expertise in the design, construction and maintenance of wind turbines. 
Québec's new energy strategy forecasts a significant increase of the installed wind 
power by 2030 [9]. Wind turbines could be used for power compensation in long electric 
transmission lines. In addition, hybrid energy systems including wind turbines could be used 
to power villages, industrial projects or mines in the Far North of the province. It is in this 
perspective that the Cap d'Ours wind turbine was developed. 
a) Brief presentation of the Cap d'Ours wind turbine 
The ‘Cap d'Ours’ wind turbine is a 200-kW vertical axis wind turbine that was built 
by the Dermond company in 2004. It operated for about two years, producing electrical 
energy in a satisfactory quantity. ‘Cap d'Ours’ wind turbine is installed on a site located not 
far (a few hundred meters) from the main campus of UQAT in Rouyn-Noranda. The design 
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and construction of this wind turbine with special features was carried out as part of an 
innovative project. The Dermond company foresaw then to produce 12 of the wind turbine 
per year. These wind turbines where expected to be used, among other things, to supply the 
isolated communities of Nunavik with electricity.  
In 2005, ‘Cap d'Ours’ wind turbine stopped operating and since then, it has never 
been restarted. It should be noted that the ‘Cap d'Ours’ wind turbine has been for many years 
at the mercy of bad weather and vandals. During this period, many equipment’s of the 
structure were vandalized (destroyed and/or taken away) by looters. The wind turbine has 
lost several parts among its important equipment’s. In addition, lack of maintenance and 
climatic hazards have contributed to weakening some aspects of its metal structure.  
 
Figure I-2   Overview of the Cap d'Ours wind turbine. 
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Designed to withstand wind speeds greater than 220 km/h, the Cap d'Ours wind 
turbine turns out to be an ideal prototype for Canada's Far North, where winds are particularly 
strong [10]. Blais Industries, which is a Rouyn-Noranda-based company is owner of the Cap 
d'Ours wind turbine since the bankruptcy of the Dermond company in 2007. Recently Blais 
Industries agreed to put the impressive structure at the disposal of UQAT researchers. The 
company intends to use this wind turbine as a prototype for the development of wind turbine 
technology more appropriate for installation in Far North mining sites. To help achieve this 
goal, the UQAT School of Engineering is conducing various research projects that will 
contribute to optimize the structure, as well as reduce noise and vibrations during operation. 
 Scientific motivations : problem statement 
In recent years, many research works have been conducted on the improvement of 
aerodynamic performance of VAWs. However, very few researchers dedicate their work to 
solve the problem of the lack of a more conducive rotor model for the conceptual 
optimization, the monitoring as well as the diagnosis and maintenance of Darrieus wind 
turbine rotors. This despite the growth of installed wind power worldwide and the renewed 
interest in VAWTs pose the thorny problem of research and staff training in the areas of 
optimization, diagnosis and maintenance of the wind turbines. 
Wind turbines are equipment that can experience many hazards during their useful 
life. They are designed to work for a period of about 20 years [11], [12], [13]. Like all other 
mechanical systems, wind turbines are subject to many defects at the beginning and at the 
end of their life. In Canada, the wind energy industry very often practices reactive 
maintenance (repair when it breaks) [14]; the preventive maintenance is then limited to the 
instructions of the maintenance manual of the wind turbine manufacturer. Meanwhile, the 
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development of preventive maintenance strategies, as well as more efficient methods of 
diagnosis and troubleshooting, could significantly reduce the shortfall associated with 
maintenance operations of wind turbines; that is 10 to 20% of the revenues generated by the 
total production of the wind turbine during its lifetime [15]. Indeed, the application of a 
maintenance strategy that wisely combines preventive and reactive maintenance would 
certainly improve the reliability, availability and maintainability of wind turbines while 
reducing maintenance costs [16], [17].  
Wind turbines are exposed to very harsh and variable climatic conditions, including: 
a binding weather alternating calm, violent winds, tropical heat, lightning, Siberian cold, rain, 
hail and snow. These extreme and variable conditions increase the mechanical stress on the 
structure of the wind turbine; thus, causing vibrations, risks of torsional resonances, 
numerous failures, and sometimes even the complete breakage of the wind turbine [18].   
 
Figure I-3   Percentage of failures in a Swedish wind farm [19]. 
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To these defects, can be added failures such as the deterioration of the sensors, the 
loss of efficiency of the actuators which control the blades, the short circuits of the WT 
windings, etc. The unfortunate consequences are, of course, the frequent shutdowns of 
production, the rapid aging of production equipment and the high cost of maintenance, all of 
which increases operating expenses. Figure I-3 shows the failure distribution of wind turbines 
with a nominal power greater than 490 kW between 2000 and 2004 in Sweden [19]. Theses 
statistics show that in a wind farm, electric system components are those who suffer more 
regularly from defects meanwhile, 13.4% of faults occurs on blades. On the other hand, rotor 
is one of the most expensive part of the wind turbine. Figure I-4 illustrates the breakdown of 
capital expenditure for onshore wind project [20], the component percentages are 
highlighted. It comes that rotor can represent up to 20% of the investment in a wind turbine. 
It is therefore essential to maintain rotors including blades, bearings and shaft as faultless as 
possible. This will reduce the maintenance downtimes and therefore ameliorate both 
reliability of energy production and profitability of the project.  
 
Figure I-4   Capital expenditures for onshore wind project [20] 
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It's becoming imperative for wind industry to develop appropriates advanced 
predictive maintenance methods that will quickly identify potential failures on rotors and 
correct them before complete part deterioration. A global electric model for the entire wind 
energy conversion system can be of great utility for achieve this goal.  
1.3. THESIS GENERAL OBJECTIVES AND SCOPE 
Considering all social, economic and scientific motivations mentioned above, we have 
chosen, within the framework of this doctoral thesis, to work on: contribution to the modeling 
and diagnosis of a vertical axis aerogenerator for maintenance. 
In general, this work aims to contribute to the development of new tools, techniques 
and methods to improve the design, optimization, diagnosis, prognosis and monitoring of 
Darrieus vertical axis wind turbines to better ensure their maintenance. The goal is to enrich 
the scientific community and the wind turbine industry with new tools that can help to 
increase the aerodynamic performance and energy efficiency of Darrieus type AVEs. The 
development of an equivalent electric rotor model will therefore be the focus of our work. 
This model will be use in future research work to propose new methods for optimization, 
diagnosis and maintenance of wind turbines. 
1.4. SPECIFIC OBJECTIVES AND LINK BETWEEN CHAPTERS  
Achieving the general objective goes through several specific objectives. More 
specifically, this research work aims to: 
1- Propose a new approach to modeling WTs rotors; 
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2- Develop, based on this approach, a new model for the study, analysis and 
aerodynamic optimization of Darrieus type VAWTs. 
The thesis is subdivided into five chapters. Chapter I is a general introduction to the 
work. As well, it discusses the challenges tackle by this work. The motivations, objectives 
and limitations of the work. Chapter II is a review of WT condition monitoring techniques. 
State of the art, trends as well as challenges are addressed. It aimed to highlight the strengths 
and weaknesses of the different methods according to corresponding the state of the art. This 
allowed us to determine the need to develop an equivalent model of roto wind turbine that 
could improve the detection of defects occurring on the rotor. Chapter III establishes the 
foundations of a theoretical as well as the physical and mathematical concepts of an 
equivalent electric model capable of simulating the aerodynamic behavior of wind turbine 
rotors. The equivalent electric model for a single blade has thus been developed. Simulations 
and cross-validation were performed in MATLAB. Subsequently, using the validated model 
of a single blade, we perform in chapter IV the modulization of the mechanical link between 
the blades and the slow shaft of the rotor. Association all, we obtain the electric equivalent 
model of the whole three blades rotor for a Darrius type VAWT.  Finally, chapter V conclude 
the thesis and gives some recommendations for future research works in continuity to this 
thesis.  
1.5. THESIS LIMITATIONS 
Once the scope of the project is defined, some limitation arises in order to fulfill the scope of 
the project. These limitations are as fallows: 
- The model will be developed in the linear regime; 
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- The wind will be considered continuous and constant; 
- The rotor mechanical coupling of three blades to the shaft is ideal. 
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WIND TURBINE CONDITION MONITORING: STATE-
OF-THE-ART REVIEW, NEW TRENDS, AND FUTURE 
CHALLENGES 
Pierre Tchakoua, René Wamkeue, Mohand Ouhrouche, Fouad Slaoui-Hasnaoui, Tommy 
Andy Tameghe and Gabriel Ekemb 
Résumé 
Avec la forte croissance de l’énergie éolienne, la réduction des coûts d'exploitation et 
de maintenance ainsi que l'amélioration de la fiabilité sont devenues les principales priorités 
dans les stratégies de développement de projets éoliens. En plus du développement de 
modèles d’éoliennes plus évolués afin d’assurer une plus grande continuité dans la 
production d’énergie électrique, l'application de techniques de surveillance fiables et moins 
onéreuses est une approche efficace pour l’atteinte de ces objectifs. Cet article planche sur la 
revue et la classification des différentes méthodes et des techniques de surveillance 
d’éoliennes et ceci en mettant l'accent sur les nouvelles tendances et les défis à venir. Après 
avoir mis en lumière les principales techniques de surveillance, de diagnostic et de 
maintenance utilisées dans l’industrie éolienne, une description des relations entre ces 
différents concepts et les théories connexes a été effectuée ainsi que l’examinassions des 
nouvelles tendances et des défis futurs. Ce travail de recherche permet de mettre en exergue 
les forces et les faiblesses de l'industrie éolienne d'aujourd'hui et de définir les priorités de 
recherche qui permettront à l'industrie de relever les défis de l'évolution technologique et de 
la croissance du marché dans l'industrie éolienne. 
 
 
 15 
 
Abstract 
As the demand for wind energy continues to grow at exponential rates, reducing 
operation and maintenance (OM) costs and improving reliability have become top priorities 
in wind turbine (WT) maintenance strategies. In addition to the development of more highly 
evolved WT designs intended to improve availability, the application of reliable and cost-
effective condition-monitoring (CM) techniques offers an efficient approach to achieve this 
goal. This paper provides a general review and classification of wind turbine condition 
monitoring (WTCM) methods and techniques with a focus on trends and future challenges. 
After highlighting the relevant CM, diagnosis, and maintenance analysis, this work outlines 
the relationship between these concepts and related theories and examines new trends and 
future challenges in the WTCM industry. Interesting insights from this research are used to 
point out strengths and weaknesses in today’s WTCM industry and define research priorities 
needed for the industry to meet the challenges in wind industry technological evolution and 
market growth. 
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 INTRODUCTION 
Energy conversion and efficiency improvement have become a worldwide priority to 
secure an energy supply and address the challenges of climate change, greenhouse gas 
emission reduction, biodiversity protection, and renewable technology development. In 
2011, renewable sources accounted for nearly 50% of the estimated globally added electric 
capacity evaluated at 208 GW [1]. Among all renewable energy sources, wind energy is the 
fastest-growing sector in terms of installed capacity. As shown in Figure II-1, the cumulative 
installed wind power capacity reached 283 GW in 2011, which represents nearly 3% of global 
electricity production. Furthermore, the contribution of wind power to the world total 
generation capacity is expected to reach 8% by 2018 [1–3]. 
 
Figure II-1   Wind energy world market forecast for 2013–2017 [1]. Reprinted/Reproduced with permission 
from [1]. Copyright 2013, Global Wind Energy Council (GWEC). 
Wind turbines (WTs) are unmanned, remote power plants. Unlike conventional power 
stations, WTs are exposed to highly variable and harsh weather conditions, including calm 
to severe winds, tropical heat, lightning, arctic cold, hail, and snow. Due to these external 
variations, WTs undergo constantly changing loads, which result in highly variable 
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operational conditions that lead to intense mechanical stress [4]. Consequently, the 
operational unavailability of WTs reaches 3% of the lifetime of a WT. Moreover, operation 
and maintenance (OM) costs can account for 10%–20% of the total cost of energy (COE) for 
a wind project, and this percentage can reach 35% for a WT at the end of life. A preventive-
centered maintenance strategy that avoids machine shutdown can considerably reduce these 
costs [5–7]. Therefore, WTs require a high degree of maintenance to provide a safe, cost-
effective, and reliable power output with acceptable equipment life. The state-of-the-art 
method for determining the maintenance strategy in the WT industry is reliability-centered 
maintenance (RCM), which consists of preventive maintenance based on performance and/or 
parameter monitoring and subsequent actions. In this strategy, condition-monitoring (CM) is 
used to determine the optimum point between corrective and scheduled maintenance 
strategies [8–11]. The recurrent and commonly used condition-monitoring techniques 
(CMTs) are: (i) vibration/acoustic-controlled and OM techniques for the turbine; and (ii) 
optical strain gauges for the blades. 
The WTs are typically designed to operate for a period of 20 years [12,13]. As with 
other mechanical systems, time-based maintenance assumes that the failure behavior of WTs 
is predictable. Fundamentally, three failure patterns describe the failure characteristics of WT 
mechanical systems [14]. 
The bathtub curve shown in Figure II-2 illustrates the hypothetical failure rate versus 
time in a mechanical system [15–18], where β ˂ 1 represents a decreasing failure rate, β = 1 
represents a constant failure rate, and β ˃ 1 represents an increasing failure rate. 
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Figure II-2   The “bathtub” curve illustrating the reliability of technical systems. 
Guo et al. [19] developed a three-parameter Weibull failure rate function for WTs, 
and their results corroborate the bathtub curve. Echavarria et al. [12] published results of a 
remarkable 15-year research study on the frequency of failures versus increasing operational 
age for various WT power ratings (Figure II-3). 
 
Figure II-3   Number of incidents per wind turbine (WT) per operational year; WTs are categorized by rated 
power [12]. Reprinted/Reproduced with permission from [12]. Copyright 2008, American 
Society of Mechanical Engineers. 
The frequency of failures in WTs also varies with the scale and type. Spinato et al. 
[18,20] carried out a failure analysis based on onshore WT types, as specified in the 
Schleswig Holstein Landwirtschaftskammer (LWK) database. The work displayed a general 
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trend of an increasing failure rate with turbine size. Because turbine capacity continues to 
grow, we can assume that it will be difficult to decrease the initial failure rate. Several 
research studies considered the distribution of WT failures in the main components 
[13,20,21]. Haln et al. [13] reported a survey of 1500 WTs over 15 years and found that five 
component groups, i.e., electrical system, control system, hydraulic system, sensors, and 
rotor blades, are responsible for 67% of failures in WTs, as shown by the pie chart in Figure 
II-4. 
 
Figure II-4   Share of the main components of the total number of failures [13]. Reprinted/Reproduced with 
permission from [13]. Copyright 2007, Springer Science + Business Media. 
To establish the impact of component failure on WT reliability, research centered on 
the availability of WTs was presented in [8,22–25]. The results published by Fischer et al. 
[8] indicated that 75% of the annual downtime is caused by only 15% of the failures in WTs. 
This result corroborates the conclusions of Haln et al. [13], regarding the average failure rate 
and average downtime per component. The results of this study are also in agreement with 
the conclusions of Crabtree et al. [24], regarding the comparison of failure rates and 
downtime for different WT subassemblies based on surveys of European wind-energy 
conversion systems (WECSs). The chart in Figure II-5 summarizes the failure rate and 
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downtime of different WT subassemblies. The reliability and downtime data of the Egmond 
aan Zee wind farm in Germany also produced similar results, i.e., the gearbox failure rate is 
low, but the downtime and resultant costs are high. As a result, the percentage of electricity 
production lost due to gearbox downtime is the highest of all subassemblies [24]. 
A statistical analysis of WT faults demonstrates that their reliability and availability 
depend on multiple factors, i.e., age, size, weather, wind speed, and subassembly failure rates. 
However, applying efficient CMTs can greatly increase the reliability of WTs. 
 
Figure II-5  Failure rates and downtime from two large surveys of European WTs over 13 years [13]. 
Reprinted/Reproduced with permission from [13]. Copyright 2007, Springer Science + Business 
Media. 
In the literatures, few articles have provided a review of wind turbine condition 
monitoring (WTCM) and/or fault diagnosis [7,21,26–29]. The goal of this paper is to provide 
a review of methods and techniques for WTCM with a classification of: (i) intrusive and 
nonintrusive techniques; and (ii) destructive techniques and non-destructive techniques. This 
work also focuses on trends and future challenges in the WTCM industry. The paper is 
organized as follows: Section 2 is dedicated to CM-related concepts and definitions and 
outlines the relationships among CM, fault diagnosis, and fault prognostic and maintenance 
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strategies; Section 3 presents a review of techniques and methods used in WECSs and CM, 
subdividing them into subsystem techniques and overall system techniques as well as 
destructive and non-destructive techniques; Section 4 discusses the new trends and future 
challenges that will enable the industry to address the WT challenges of the future, including 
reducing operational costs and improving reliability; finally, Section 5 provides conclusions 
to the work. 
 CONCEPTS AND DEFINITIONS 
2.2.1. Maintenance Approaches 
As in most industries, maintenance approaches in the WT industry can be widely 
classified into three main groups [30,31]: 
- Reactive or corrective maintenance (run to failure); 
- Preventive maintenance (time-based); 
- Predictive maintenance (condition-based). 
The COE estimation for a WECS is given by Equation (1) [6,32–35], where ICC is 
the initial capital investment cost; FRC is the annual fixed charge rate; E is the annual energy 
production in kW h; and OM is the annual OM cost: 
ICC FCR OMCOE
E
   (1) 
where ICC and FCR are fixed parameters; and OM is a variable parameter that can 
affect the COE during the lifetime of the project. Therefore, the profit from wind energy is 
highly dependent on the ability to control and reduce this variable cost. The OM cost of 
equipment will notably depend on the maintenance strategy adopted by the user. 
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The cost associated with traditional maintenance strategies is presented in Figure II-6 
[30]. In a preventive maintenance strategy, the prevention cost will be quite high, whereas 
the repair cost will be low because many potential failures will not occur. In other words, 
preventive maintenance will considerably reduce the number of failures that occur but will 
be expensive. In a reactive maintenance strategy, a greater number of faults will occur and 
will lead to a high cost of repair and low cost of prevention. As shown on the graph, a 
combination of preventive and reactive maintenance strategies can improve the reliability, 
availability, and maintainability of WTs while simultaneously reducing the maintenance cost 
[4,6,30,36]. 
 
Figure II-6   Costs associated with traditional maintenance strategies [30]. 
2.2.2. Condition Monitoring, Diagnosis, and Maintenance Theories 
Reliability is the ability of a device to perform the required functions under the given 
conditions for a given time [4,37]. The reliability of a WT is critical for extraction of the 
maximum energy available from wind. Reliability can be highly improved by the 
implementation of adequate condition-monitoring systems (CMSs) and fault detection 
systems (FDSs), and availability is a fundamental measure of reliability. Holen et al. [38] 
defined availability as the probability that a component or system is capable of functioning 
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at time t, given by Equation (2), where MTTF is the mean time to failure and MTTR is the 
mean time to recovery: 
MTTFA
MTTF MTTR


 (2) 
A CMS is a tool used to ensure and measure the reliability of any running system 
[39]. Wiggelinkhuizen et al. [40] suggested that for WECSs, significant changes are 
indicative of a developing failure. The continuous component states (i.e., WT health) are 
evaluated using a collection of techniques, i.e., vibration analysis (VA), acoustics, oil 
analysis (OA), strain measurement (SM), and thermography [27]. Data are sampled at regular 
time intervals using sensors and measurement systems. Using data processing and analyses, 
CMSs can determine the states of the key WECS components. By processing the data history, 
faults can be detected (diagnosis) or predicted (prognostic) and the appropriate maintenance 
strategy can be chosen. 
Maintenance includes any actions appropriate for retaining equipment in or restoring 
it to a given condition [31]. Maintenance is required to ensure that the components continue 
to perform the functions for which they were designed. The basic objectives of the 
maintenance activity are to: (i) deploy the minimum resources required; (ii) ensure system 
reliability; and (iii) recover from breakdowns [41]. The applied maintenance strategy can be 
preventive if a predicted failure is avoided or corrective when a detected failure is repaired 
[42]. 
A description of and models for CMSs can be found in [27,39,43,44]. This description 
can be combined with concepts definitions provided in [14,31,45–48], which address 
maintenance techniques and methods. The diagram relating technical concepts and words 
used in the domain of WTCM and fault diagnosis emerges from the aforementioned 
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combination. As shown in Figure II-7, CM is performed in three main steps: data acquisition 
using sensors, signal processing using various data processing techniques, and feature 
extraction via the retrieval of parameters that will aid in establishing the current status of the 
monitored equipment. Using both: (i) current information sources; and (ii) information on 
the system’s past status obtained from stored data, the system’s present state is obtained via 
online monitoring such that a fault can be detected or predicted. After a fault is diagnosed, 
corrective maintenance is carried out. Two approaches to corrective maintenance can be 
distinguished, i.e., palliative maintenance, which consists of provisional solutions to failures, 
and curative maintenance for standing solutions to failures. If a fault is predicted, preventive 
maintenance is carried out before the fault can occur. In this case, four different approaches 
can be used: time-based or scheduled maintenance, current-state based or conditional 
maintenance, parameter-projection-based or forecasting maintenance, and status-based or 
proactive maintenance. 
 
Figure II-7   Overview of condition-monitoring (CM) and maintenance processes for WTs. 
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 REVIEW OF CONCEPTS AND METHODS FOR WTCM 
According to the Swedish standard SS-EN 13306 [49], monitoring can be defined as 
an activity performed either manually or automatically that is intended to observe the actual 
state of an item. The key function of a successful CMS should be to provide a reliable 
indication of the presence of a fault within the WECS and to indicate the location and severity 
of the situation [25]. For this purpose, a CMS is required for early warning sign detection. 
CM is based on data acquisition and signals processing and can be implemented using various 
approaches with different levels of technology [46]. 
A complete CMS is composed of many subsystems, each monitoring a particular 
component of the wind generator [50]. Due to the considerable level of overlap between 
functions of different subsystems, certain CM subsystems will monitor many components of 
the WT. The approach proposed in this review differentiates CMTs applied on WT 
subsystems from CMTs applied on the overall WT system. 
2.3.1. Wind Turbines Subsystems or Intrusive Condition Monitoring Techniques 
The subsystem-level CM of WTs is based on subcomponents related to local 
parameters [27,28,51] and enables the acquisition of information on specific components and 
thus the precise localization of eventual failures. The typical main components of a utility-
scale WT are presented in Figure II-8, and an example of a function model for the monitoring 
of a WECS based on the subsystem approach is presented in Figure II-9. 
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Figure II-8   Typical main components of a utility-scale WT [51]. 
Subsystem CM can be classified into two main subcategories, namely, those based 
on destructive test (DT) and those based on non-destructive test (NDT) [52]. 
Subsystem CM based on DT uses: 
- VA; 
- OA; 
- SM; 
- Electrical effects; 
- Shock pulse method; 
- Physical condition of materials; 
- Self-diagnosis sensors; 
- Other techniques. 
- Subsystem CM based on NDT uses: 
- Ultrasonic testing techniques (UTTs); 
- Visual inspection (VI); 
- Acoustic emission; 
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- Thermography; 
- Performance monitoring;  
- Radiographic inspection. 
 
Figure II-9   Function model for monitoring of a wind-energy conversion system (WECS) [53]. BCU: boundary 
controlling unstable; and RMS: root mean square. Reprinted/Reproduced with permission from 
[53]. Copyright 2008, Blekinge Institute of Technology. 
2.3.2. Subsystem Condition Monitoring Techniques Based on Destructive 
Techniques 
As stated in [54], a DT is “a form of mechanical test (primarily destructive) of 
materials whereby certain specific characteristics of the material can be evaluated 
quantitatively”. DTs are generally realized more easily and yield additional data that are 
easier to interpret than those from NDTs [55,56]. As applied to WECSs, DTs are dynamic or 
static and can provide useful information related to the material’s design considerations, 
equipment performance, structural health, and useful life. 
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a) Voltage Analysis (VA) 
VA is the most well-known technology for rotating equipment CM. As shown in 
Figure II-10, VA is the most efficient technology for early prediction and detection of failures 
in mechanical equipment [32]. Applied sensor technology is selected by considering the 
frequency range and operating conditions [57]. Position transducers, velocity sensors, 
accelerometers, and spectral emission energy sensors are used for low-, middle-, high-, and 
very-high-frequency ranges, respectively. Fast Fourier transformation is the signal 
processing technique commonly used in VA to convert a time-domain signal into a 
frequency-domain signal [58]. 
 
Figure II-10  Typical development of a mechanical failure. 
As a subsystem monitoring technique, VA is applied to such WT components as 
shafts, bearings, gearboxes, and blades. In WTs or wind farms, CM via the VA’s extreme 
false alarm levels can provide information on the incorrectness of vibration signals from the 
recording process (e.g., in the case of a faulty sensor). To minimize the risk of anomalies, 
which is increased in a wind farm due to the greater number of WTs, Jablosky et al. [59] 
developed an algorithm for the automatic validation of vibration signals in the distributed 
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monitoring system of a wind farm. Based on amplitude validation, the vibration data are 
validated via an original implementation of Parseval’s theorem, in addition to the novel idea 
of a so-called “N-point” rule, which is a simple yet powerful in automatic signal error 
detection. 
The WTCM techniques with VA are standardized in ISO10816 [60], which define 
the positioning and use of sensors. VA methods are easy to implement in existing equipment 
and have a high level of interpretation, making it easy to locate the exact faulty component. 
Nevertheless, this approach implies the use of additional hardware and software, which 
increases the production costs. Additionally, it is difficult to use sensors to detect low-
frequency faults [28]. 
b) Oil Analysis (OA) 
Oil debris monitoring has been proven as a viable CMT for the early detection and 
tracking of damage in bearing and gear elements in WT gearboxes [61]. Indeed, 80% of 
gearbox problems can be attributed to the bearings, which subsequently lead to damage to 
the gearing [62]. 
In most cases, oil is pumped through the component in a closed-loop system, and 
metal debris from cracked gearbox wheels or bearings is caught by a filter. The amount and 
type of metal debris can indicate the health of the component. OA has three main purposes 
[61]: (i) to monitor the lubricant; condition and reveal whether the system fluid is healthy 
and fit for further service or requires a change; (ii) to ensure the oil quality (e.g., 
contamination by parts, moisture); and (iii) to safeguard the components involved (part 
characterization). Six main tests are generally employed in the OA process: [57,63–65]: 
- Viscosity analysis;  
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- Oxidation analysis;  
- Water content or acid content analysis;  
- Particle count analysis; 
- Machine wear analysis;  
- Temperature. 
OA techniques can be divided into two categories: real-time continuous monitoring 
and offline oil sample analysis [66]. These processes are typically executed off line by taking 
samples. However, online real-time oil debris monitoring may be desirable for applications 
in which failure modes develop rapidly or when accessibility is limited. In this case, it is 
advisable to install several sensors in the gearbox lubrication loop to analyze different 
characteristics. This approach will increase the reliability and accuracy of the analyses 
[53,64]. 
The technology for on-line detection can be broadly divided into three subcategories 
depending on the sensing techniques applied [4]: electromagnetic sensing, flow or pressure-
drop sensing, and optical debris sensing. In terms of cost, size, accuracy, and development, 
suitable oil monitoring technologies are online ferrography, selective fluorescence 
spectroscopy, scattering measurements, Fourier transform infrared (IR) spectroscopy, photo 
acoustic spectroscopy, and solid-state viscometry [62,64]. Du and Zhe [67] developed a high-
throughout, high-sensitivity inductive sensor for the detection of micro-scale metallic debris 
in nonconductive lubrication oil. The device is able to detect and differentiate ferrous and 
non-ferrous metallic debris in lubrication oil with high efficiency. 
Although OA is the only method for detecting cracks in the internal gearbox, this 
approach has two main limitations. First, it cannot detect failures outside the gearbox, and 
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second, use of this equipment for online monitoring is highly expensive. For these reasons, 
offline monitoring of oil samples is often used [28,68]. 
c) Temperature Measurement (TM) 
Monitoring the temperature of the observed component is one of the most common 
methods of CM [56]. TM aids in detecting the presence of any potential failure related to 
temperature changes in the equipment. In the wind energy industry, TM is applied on such 
components as bearings, fluids (oil), and generator windings, among others [53,69]. Optical 
pyrometers, resistant thermometers, and thermocouples are a subset of the sensors used in 
TM [70]. Unlike thermography, TM provides information on the ongoing deterioration 
process in the component from excessive mechanical friction due to faulty bearings and 
gears, insufficient lubricant properties, and loose or bad electrical connections [53]. 
TM is reliable because every piece of equipment has a limited operational 
temperature. However, temperature develops slowly and is not sufficient for early and precise 
fault detection [71]. Additionally, the measured temperature can also be influenced by the 
surroundings. Therefore, TM is rarely used alone but often as a secondary source of 
information. In this case, the primary source could be vibration monitoring [32,71]. 
d) Structural Monitoring (SM) 
SM is a renowned technique for structural health monitoring (SHM) and is becoming 
increasingly important in the WT industry, where it is applied to blades and towers; SM is 
commonly used in laboratory settings for blade lifetime testing [16,51,72,73]. Measurements 
are gathered with sensors, i.e., so-called metal foil strain gauges, and the finite element 
method is commonly used to process the acquired data [73,74]. Strain gauges can be placed 
randomly on the blade, and the distribution varies according to the number of transducers. 
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However, strain gauges are not robust over the long term, and more robust sensors might 
offer an interesting application area [51,57]. 
Currently, certain WT manufacturers incorporate fiber-optic sensors into the blades 
to reduce connections with the data logger and permit little to no weakening of the signal 
over a considerable distance. With the latest fiber optic sensing technologies, monitoring of 
stresses on the blades during rotation is easier and more accurate [27,75–77]. Kreuzer [73], 
Bang et al. [74] and Schroeder et al. [78] investigated the development of a high-speed-fiber 
Bragg-grating-based sensor array system for strain-based deflection shape estimation of WT 
structures. 
e) Optical Fiber Monitoring (OFM) 
OFM is growing as a reliable and cost-effective technique for WT SHM [71]. A 
network of sensors can be embedded in the blade structure to enable the measurement of five 
parameters that are critical to SHM. The five parameters include: (i) SM for monitoring the 
blade loading and vibration level; (ii) TM for likely over-heating; (iii) acceleration 
measurement for monitoring the pitch angle and rotor position; (iv) crack detection 
measurements; and (v) lightning detection for measuring the front steepness, maximum 
current, and specific energy [79–82]. 
The optical fibers must be mounted on the surface or embedded into the body of the 
monitored WT components. Therefore, OFM is complicated and expensive in real-world 
applications compared with other CM and fault detection methods [83,84]. However, due to 
technological progress, it is expected that the cost of OFM for WT SHM will decrease 
considerably in the future. 
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2.3.3. Subsystem Condition Monitoring Techniques Based on Non-Destructive 
Techniques (NDTs) 
Malhotra et al. [54] defined NDT as “an examination, test, or evaluation performed 
on any type of test object without changing or altering it in any way”. This is often done in 
order to determine the absence or presence of conditions or discontinuities that may have an 
effect on the usefulness or serviceability of the monitored object. NDTs may also be 
conducted to measure other tested object characteristics, i.e., size, dimension, 
configuration, or structures, including alloy content, hardness, and grain size. 
Nevertheless, these approaches are largely applied to localized areas. Thus, NDT 
technologies require more accurate prior knowledge of probable damage locations as well as 
the use of dedicated sensors [56]. 
a) Visual Inspection (VI) 
Based on human sensory capabilities, VI or observation is undoubtedly one of the 
oldest CMT and can serve as a supplement to other CMTs. VI includes the detection of 
sounds emitted by a functioning system, touch (temperature and vibration checking), and VI 
(e.g., deformation and aspects). This approach is generally used to monitor such components 
as rotor blades, nacelles, slip rings, yaw drives, bearings, generators, and transformers 
[53,85]. 
In several cases, VI is of great importance in identifying a problem that was not 
identified by other CMTs. Such cases may include loose parts, connections, terminals, and 
components; visibly worn or broken parts; excessive temperatures that reflect through the 
structure or housing, oil leakages, corrosion, chattering gears, or hot bearing housings [85–
87]. Nevertheless, VI is limited to the identification of damages that are visible on the surface 
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of a structure. Moreover, VI is labor intensive and highly subjective because the results 
depend on the experience and judgment of the inspector [88]. 
Today, the industry is implementing remote VI technologies to inspect gearboxes, 
WT blades, and other critical components [89]. AIT Inc. has developed a video boroscope or 
videoscope used to inspect the interior areas that are not accessible and can be efficient in 
revealing hairline cracks, corrosion, pitting, rubbing, and other defects [85]. Moreover, the 
AutoCopter™ Corporation [87] has developed a flying remote VI device that enables 
inspection of WTs, thus increasing reliability and the number of daily inspections while 
eliminating the risk of personal injury. 
b) Acoustic Emission (AE) 
AE phenomena are based on the release of energy in the form of transitory elastic 
waves within a material via a dynamic deformation process [90]. Typically, sources of AE 
within a material are [91,92] crack initiation and propagation, breaking of fibers, and matrix 
cracking and fretting between surfaces at de-bonds or de-laminations. Unlike VA, AE can 
detect failures characterized by high-frequency vibrations ranging from 50 kHz to 1 MHz 
[93]. Piezoelectric transducers and optic fiber displacement sensors are often employed in 
this approach [94]. The most commonly measured AE parameters for diagnosis are 
amplitude, root mean square (RMS) value, energy, kurtosis, crest factor, counts, and events 
[95]. 
This method is typically applied for fault detection in gearboxes, bearings, shafts, and 
blades, and its advantages include a large frequency range and a relatively high signal-to-
noise ratio. The main drawback of AE is its cost. Furthermore, only a few types of faults 
occur in the high-frequency range. Another limitation of AE is the attenuation of the signal 
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during propagation. Therefore, an AE sensor must be located as close to its source as possible 
[96], which may pose a practical constraint in applying AE to certain wind machines. 
Research was carried on the combined use of AE and VA data [97–99]. Soua et al. 
[99] presented the results of a combined vibration and AE monitoring effort that was 
performed over a continuous period of five years on an operating WT. Good results were 
obtained for the detection of defects, most notably in the gearbox, using special digital 
processing techniques, such as similarity analysis. Tan et al. [96] carried out a comparative 
experimental study on the diagnostic and prognostic capabilities of AE, VA, and 
spectrometric OA for spur gears and observed that based on the analysis of RMS levels, only 
the AE technique was more sensitive in detecting and monitoring faults than either the 
vibration or spectrometric OA. 
c) Ultrasonic Testing Techniques (UTTs) 
UTTs are extensively used by the wind energy industry for structural evaluation of 
WT towers and blades [27,92]. This method relies on elastic wave propagation and reflection 
within the material. Three different techniques can be used for this investigation: pulse-echo 
(Figure II-11), through transmission, and pitch-catch [100,101]. Laser interferometric 
sensors, air-coupled transducers, electromagnetic acoustic transducers, or contact transducers 
are a subset of the sensors that can be used as the scanning sensor for acoustic wave field 
imaging, which is another UTT [72,102]. 
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Figure II-11  Principle of the pulse-echo technique used for the investigation of WT blades [100,103]. GFRP: 
glass fiber reinforced plastic. Reprinted/Reproduced with permission from [100]. Copyright 
2008, Kaunas University of Technology. 
Implementation of UTTs implies one or more of the following measurements: time 
of flight or delay, path length, frequency, phase angle, amplitude, acoustic impedance, and 
angle of wave deflection [104]. Thus, signal-processing algorithms, including such time-
frequency techniques as the Wigner-Ville distribution, Hilbert-Huang transform, and wavelet 
transform [100,105], can be used to extract additional information on internal defects. 
Ultrasonic testing via wave propagation characteristics allows for the estimation of 
the location and nature of the detected failure. This approach provides a quick, reliable, and 
effective method for determining the material properties of the principal turbine components 
[106]. Ultrasound scanning allows personnel to see below the surface and check the laminate 
for dry glass fibers and de-lamination [107]. Unlike other NDT techniques (i.e., 
thermographic techniques), acoustic techniques are not as affected by temperature or air 
humidity [108]. 
d) Thermography Analysis (TA) 
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TA provides a wide range of diagnostic and monitoring applications in different 
equipment and machines, i.e., bearings, gear boxes, conveyor systems, drivers, motors, and 
electric generators. IR thermography is recognized as one of the most versatile and effective 
CM tools for use in the WT industry for control and diagnoses of electric parts and 
mechanical equipment [109,110]. This method is based on the fact that all working 
components emit heat and when a component in the system starts to malfunction, its 
temperature increases beyond the normal values [56]. IR temperature transmitters and high-
resolution IR cameras are the sensors applied in TA, and results are typically interpreted 
visually [27,111]. 
Today, TA is primarily used for periodical manual inspection and can be used as a 
local or global technique because it is possible to assess the damage at the component or 
system level, depending on the resolution of the camera. However, TA is not appropriate for 
early fault detection because temperature develops slowly, as mentioned earlier [111,112]. 
Another important difficulty with TA for WTCM is that monitoring should be performed 
offline [111]. However, cameras and diagnostic software that are suitable for on-line process 
monitoring are currently entering the market [57]. 
e) Radiographic Inspection 
Radiography (both film and digital) uses the well-known effects of an X-ray source 
on one side of a specimen and an X-ray-sensitive receptor on the other side. Although this 
method does provide useful information on the structural condition of the WT component 
under inspection, radiographic imaging using X-rays is rarely used in WECS industry [27]. 
The technique is highly efficient in detecting crack and de-lamination in the blade/rotor and 
tower structures. 
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f) Other Non-Destructive Wind Turbine Condition Monitoring Techniques 
Other techniques are not widespread but are also used in the maintenance of WTs. In 
many cases, their performance is heavily influenced by the costs or excessive specialization, 
making them impractical in some situations. Examples are SMs in blades, voltage and current 
analysis, shock pulse methods, and magnetic flux leakage. 
2.3.4. Wind Turbine Global System or Nonintrusive Condition Monitoring 
Techniques 
Conventional subsystems CMTs (i.e., vibration, lubrication oil, and generator current 
signal analysis) require the deployment of a variety of sensors and computationally intensive 
analysis techniques [113]. The use of additional sensors and equipment increases costs and 
hardware complexity of the WECS. Furthermore, sensors and equipment are inevitably 
subject to failure, causing additional problems with system reliability and additional OM 
costs [114]. For these reasons, it is of interest to develop overall CMTs. These techniques are 
nonintrusive, low cost, and reliable. 
Unlike subsystem CMTs, global systems CMTs enable the extraction of fault features 
with low calculation time from direct or indirect drives and fixed- or variable-speed WTs. In 
addition, these techniques can all be used in online and thus increase the WT reliability while 
reducing the downtime and OM costs [113–115]. Certain overall WTCM approaches include 
performance monitoring, power curve analyses, electrical signature, and supervisory control 
and data acquisition (SCADA) system data analysis. 
a) Performance Monitoring or the Process Parameter Technique 
In WT performance monitoring, parameter readings of the capacity factors of the 
plant, power, wind velocity, rotor speed, and blade angle are compared with the values in 
operator manuals or manufacturer performance specifications to determine whether the 
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system is performing at optimum efficiency. The relationships among power, wind velocity, 
rotor speed, and blade angle can be used for safeguarding purposes, and an alarm is generated 
in the case of large deviations. The detection margins are large to prevent false alarms 
[51,53]. Today, more intelligent usage of the signals based on parameter estimation and 
trending is not a common practice in the WT industry [51]. 
b) Power Signal Analysis 
Power quality is a high-interest area for WTCM because quality could degrade as a 
result of wind speed turbulence and switching events. From a global viewpoint, the 
mechanical power (torque times speed) measured on the WT drive shaft and the total three-
phase electrical power measured from the terminals of the generator are the input and output 
of a WT system, respectively. Both energy flows are disturbed by WT abnormalities caused 
by mechanical or electrical faults [115]. Significant variations in the WT drive train torque 
are generally signs of abnormalities. Faults in the drive train cause either a torsional 
oscillation or shift in the T

 
  
 ratio. By monitoring this ratio, certain fault conditions can be 
detected. For example, torque oscillations can be detected in a blade or rotor imbalance 
condition in the WT [71,116]. 
Peak power output, reactive power, voltage fluctuations, and harmonics greatly 
influence the power quality [117–120]. As an example, for a healthy WT, the output current 
is assumed to be sinusoidal: 
 (3) 
Where 1  is the pulsation for a healthy WT. 
1( ) a cos(ω )Hi t t
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A failure will cause a vibration in the shaft rotation at a certain frequency that can be 
detected using vibration sensors. The new shaft rotating speed is given by [121,122]: 
 (4) 
2  is the pulsation in the broken down WT that is due to the vibration caused by the failure. 
Therefore, the instantaneous phase for a faulty WT can be obtained: 
1 2
0
( ) ( ) sin( )
t
F Ft t dt t t        (5) 
The current for the faulty WT can then be written as:  
 (6) 
If we assume  c ω , thus  γ 1 . As a result,  2cos γ sin(ω ) 1t   and 
 2 2sin γ sin(ω ) γ sin(ω )t t . 
We will finally obtain: 
 
(7) 
where ( )Hi t  and  ( )Fi t  are the instantaneous currents for healthy and faulty WT, 
respectively; 1  is the angular shaft rotation speed for a healthy WT; 2  is the angular shaft 
rotation speed generated by the fault; F is the shaft rotation speed for a faulty WT; a is the 
amplitude of the instantaneous current for a healthy WT; c is the amplitude of the current due 
to the WT fault; and  = c/. a, c and  are constants values. Frequency demodulation is used 
for feature extraction from Equation (7). 
1 2ω ( ) ω ccos(ω )F t t 
         1 2 1 2 1 2( ) a cos ω γ sin(ω ) a cos ω cos γ sin(ω ) a sin ω sin γ sin(ω )Fi t t t t t t t   
       1 1 2 1 1 2 1 2γ γ( ) a cos ω aγsin ω sin(ω ) cos(ω ) cos (ω ω ) cos (ω ω )2 2F
a ai t t t t a t t t      
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A mechanical failure can also lead to amplitude modulation of the output current. For 
a three-phase generator, the stator current ik(t) (k = 1,2,3) can be described in a discrete form 
as [121,123]: 
 (8) 
where 0,...., 1n N   is the sample index (N being the total number of received 
samples); and k = 2k/3 is the phase parameter. The angular frequency  is equal to 2f/Fe, 
where f and Fe are the supply and sampling frequencies, respectively. The amplitude ak(n) 
is related to the fault as follows: 
- For a healthy WT, ak(n) is constant and there is no amplitude modulation; 
- For a faulty WT, ak(n) is time variant and the current signal is modulated in amplitude. 
- Amplitude demodulation can be used for feature extraction using various techniques, 
such as the Concordia transform or Hilbert transform. 
Wakui and Yokoyama [124] developed a sensorless wind-speed performance-
monitoring method for stand-alone vertical-axis WTs using numerical analyses in a dynamic 
simulation model. Yang et al. [113,125,126] and Watson et al. [122] proposed a wind turbine 
condition monitoring technique (WTCMT) that uses the generator output power and 
rotational speed to derive a fault detection signal. The technique is based on a detection 
algorithm using a continuous-wavelet-transform-based adaptive filter to track the energy in 
the prescribed time-varying fault-related frequency bands in the power signal. A probabilistic 
model of the power curve based on copulas was developed by Gill et al. [127], for CM 
purposes. Copula analysis is likely to be useful in WTCM, particularly in early recognition 
of incipient faults, such as blade degradation, yaw, and pitch errors. 
c) WTCM Based on Signature Analysis (SA) 
( ) ( ) cos(ω )k k ki n a n n  
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SA is a simpler but more inclusive WTCM technique. Intensive research efforts have 
been focused on the use of SA to predict or detect electrical and mechanical faults in WECSs. 
Different signals can be detected (i.e., voltages, power, currents, or stray flux), and SA can 
be used to detect various faults (i.e., broken rotor bars, bearing failures, air gap eccentricity, 
and unbalanced rotors and blades) [50,128]. Yazidi et al. [129] proposed a monitoring system 
for WTs with double-fed induction generators based on stator and rotor current signatures. 
Different tests were performed in this work, and relevant results were obtained. The proposed 
CMS was efficient for detection of rotor and stator asymmetry in a double-fed induction 
machine connected to a back-to-back converter. A similar investigation was carried out by 
Douglas et al. [130]. 
Yang et al. [131] proposed a CMT based on both electrical and mechanical signatures. 
In addition to its versatile function, i.e., its ability to detect both mechanical and electrical 
faults, this technique removes the negative influence of variable wind in the machine CM. 
This work also investigated the possibility of detecting a WT mechanical fault (e.g., rotor 
imbalance fault and drive train mechanical fault) via power signal analysis. 
d) Wind Turbine Condition Monitoring Based on SCADA Data Analysis 
In most modern WTs, SCADA systems are now common. The WTCM using SCADA 
data analysis is cost effective (data collection and sensor networks already in place) and 
reliable because it relies on the interpretation of SCADA data [132]. The SCADA system 
collects information extensively from key WT subassemblies using sensors fitted to the WT, 
i.e., anemometers, thermocouples, and switches. The operational data reflect either turbine 
status or measurements of signals, such as wind speed and direction, temperatures, currents, 
or pressures. This information can effectively reflect the real-time condition of a WECS, and 
by analyzing SCADA data, the relationship between different signals can be observed and 
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the health of WT components deduced [133]. Neural networks and fuzzy logic are other 
examples of the common tools for data analysis. An overview of WTCM based on SCADA 
data analysis is presented in Figure II-12. 
 
Figure II-12  Overview of wind turbine condition monitoring (WTCM) based on supervisory control and 
data acquisition (SCADA) data analysis. FIS: fuzzy interference system. 
 
Several recent studies on SCADA data for WECS CM can be found in the literatures 
[132,134–137]. A wind turbine condition monitoring system (WTCMS) based on SCADA 
using normal behavior models and fuzzy logic was presented in [135]. This CMS is designed 
to detect trends and patterns in SCADA data and predict possible failures. Another recent 
research study by Li et al. [136] focused on improving the fuzzy synthetic condition 
assessment of a WT generator system. The results indicated that the evaluation of dynamic 
limits and deterioration degree functions for the characteristic variables for WECSs could be 
improved by analyzing SCADA data with the improved fuzzy synthetic model. 
However, the WT SCADA system does not collect all of the information necessary 
to conduct a full CM of a WT because it was not initially designed for CM purposes. 
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Furthermore, although SCADA techniques are widely applied to WT, the data rate of once 
every 5–10 min is too slow for most rotating machine fault diagnoses [116,131,133]. Another 
concern is that the values of SCADA data vary over wide ranges under varying operational 
conditions, and it is difficult to detect an incipient fault from raw SCADA data without an 
appropriate data analysis tool [137]. 
This section provides a status update on different methods and techniques used for 
WTCM. Table II-1 presents an overview on the state of the art for WTCMSs, including 
possible failures and corresponding monitoring techniques for various WT components and 
subsystems. The following section focuses on new trends in WTCM with respect to the wind 
industry’s evolution, and implications for challenges in the research area will be discussed 
based on these tendencies. 
Table II-1  Overview of possible failures and monitoring techniques for various WTs components and 
subsystems. OA: oil analysis; AE: acoustic emission; SM: strain measurement; VI: visual 
inspection; SPM: shock pulse method; and OM: operation and maintenance. 
WT 
subsystems Components Possible failures 
Component or subsystem 
monitoring 
Rotor 
Blades 
Deterioration, 
cracking, and 
adjustment error 
Ultrasound, and 
active 
thermography 
Torque, AM, 
SM, and VI Bearings 
Spalling, wear, defect 
of bearing shells and 
rolling element 
Vibration, OA, 
AE, shock 
pulse methods, 
and 
performance 
monitoring 
Shaft Fatigue, and crack formation Vibration 
Drive train 
Main shaft 
bearing 
Wear, and high 
vibration 
Vibration, 
SPM, 
temperature, 
and AE 
Torque, power 
signal analysis, 
thermography, 
AE, and 
performance 
monitoring 
Mechanical 
brake Locking position Temperature 
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Gearbox 
Wearing, fatigue, oil 
leakage, insufficient 
lubrication, braking in 
teeth, displacement, 
and eccentricity of 
toothed wheels 
Temperature, 
vibration, 
SPM, particles 
in oil, and AE 
Generator 
Wearing, electrical, 
problems, slip rigs,  
winding damage, rotor 
asymmetries, bar 
break, overheating, 
and over speed 
Generated effect, temperature, 
vibration, SPM, OM, torque,  
power signal analysis, electrical 
effects, process parameters, 
performance monitoring, and 
thermography 
Auxiliary 
systems 
Yaw system 
Yaw motor problem, 
brake locked, and gear 
problem 
Motor current 
Pitch system Pitch motor problem OM 
Hydraulic 
system 
Pump motor problems, 
and oil leakage 
OM, process parameter, 
performance monitoring 
Sensors Broken, and wrong indication Thermography 
Electrical 
system 
Control 
system 
Short circuit, 
component fault, and 
bad connection 
Current 
consumption, 
and 
temperature 
Thermography, 
and VI Power 
electronics 
Short circuit, 
component fault, and 
bad connection 
Current 
consumption, 
and 
temperature 
High Voltage Contamination, and arcs 
Arc guard, 
temperature 
Tower 
Nacelle Fire, and yaw error Smoke, heat, flame detection Vibration, 
shock pulse 
method, SM, 
and VI Tower 
Crack formation, 
fatigue, vibration,  
and foundation 
weakness 
- 
System transformer 
Problem with 
contamination, 
breakers, 
disconnectors, and 
isolators 
Thermography 
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 NEW TRENDS AND FUTURE CHALLENGES IN WIND 
TURBINE CONDITION MONITORING SYSTEMS (WTCMS) 
The state-of-the-art maintenance strategy in the wind machine industry is defined by 
the implementation of on-line continuous CMS. The authors of [133,138] conducted 
respective surveys of: (i) commercially available CMSs for WT; and (ii) commercially 
available SCADA data analysis tools for WT health monitoring. The survey in [138] 
elaborated on the methods used by 20 suppliers and concluded that nearly all of them focus 
on the same subassemblies, i.e., blades, main bearings, gearbox internals, gearbox bearings, 
and generator bearings. 
Furthermore, VM, OM, and fiber optic monitoring are the most frequently used 
monitoring techniques. The study in [133] addressed 17 SCADA data analysis tools for 
WTCM. Among the 17 products, three were developed by WT manufacturers, two by 
renewable energy consultancies, up to nine by industrial software companies, two by an 
electrical equipment provider, and only one by a WT operating company. 
2.4.1.  New Trends in Wind Turbine Condition Monitoring Systems 
The current trend in the wind energy industry is the use of larger WTs in remote 
locations, which are increasingly situated offshore for optimal wind conditions. Both the size 
and location factors have led to maintenance challenges that are unique compared with those 
of traditional power generation systems [66]. To cope with this reality, WTCMS 
manufacturers must improve the existing monitoring techniques and/or develop more 
appropriate techniques. The future goal in CMS is to continue to minimize the efforts 
required from operators through the use of intelligent software algorithms and automated 
analysis. 
 47 
 
The WT industry is moving toward intelligent machine health management (IMHM), 
which is a fourth-generation maintenance strategy. The final objective is to provide WECSs 
that are capable of understanding and making decisions without human intervention. This 
goal implies the use of intelligent condition-based maintenance systems based on RCM 
mechanisms. Thus, the following tendencies can be mentioned with respect to the new 
tendencies in the WTCM industry [52]. 
e) Toward Smart Monitoring 
The purpose of this effort is to develop a CMS that is self-contained. Such systems 
could be operated by trained personnel but would not require specialists for the interpretation 
of results because a smart monitoring system will be able to perform classification and 
prediction operations [139]. Therefore, the number of turbines that a technician is able to 
oversee might double. Moreover, smart WTCMSs will integrate built-in hardware auto-
diagnostics that continuously check all sensors, cabling, and electronics for any faults, signal 
interruption, shorts, or power failures. Any malfunctions trigger an alarm. Indeed, false 
warnings and false alarms occur on a regular basis with actual CMSs [119,140–143]. The 
use of smart monitoring will aid in avoiding such situations. 
Automation of CM and diagnostic systems will also be an important development as 
WT operators acquire a larger number of turbines and manual inspection of data becomes 
impractical. Furthermore, it is essential that methods for reliable, automatic diagnosis are 
developed with consideration of multiple signals to improve detection and increase operator 
confidence in alarm signals [25,138]. 
f) Necessity of Remote and E-Monitoring 
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Considering: (i) the tendency toward the use of offshore WTs; and (ii) the fact that 
wind parks are geographically dispersed and often located in remote areas, cost 
considerations make it necessary to re-evaluate the traditional monitoring setup. Thus, 
remote CM of WECSs is gaining popularity in the industry and can be implemented as either 
standalone or networked systems. Remote CM involves monitoring the condition of a 
component at a location far away from the immediate vicinity of the component in question. 
E-monitoring and CM using the Internet improves remote monitoring by providing 
worldwide remote capabilities. Because browsers reside on many platforms, internet-based 
CMSs can be accessed by multiple users working on any type of operating system [144–
146]. In short, wireless technologies will help to optimize the cost and efficiency of 
WTCMSs. 
g) In-Service SHM 
Given the increased size of modern turbines and their growing cost and fabrication 
sophistication, i.e., high-tech, complex, and constructed with composite materials, SHM is 
becoming increasingly important to both operators and insurers [143]. The necessity for 
continuous in-service SHM is a reality because these complex structures are fragile. For 
example, if any blade fails, the rotor can become unbalanced and might lead to the destruction 
of the entire WT [147]. Therefore, it is important to acquire early indications of structural or 
mechanical problems that will allow operators to better plan for maintenance, possible 
operation of the machine in a de-rated condition rather than taking the turbine off-line, or, in 
the case of an emergency, shutdown of the machine to avoid further damage. 
The development of real-time, remote, wireless, and smart SHM is playing an 
increasingly important role. Such monitoring systems designed for the continuous 
assessment of structural performance and safety should be comprehensive and include 
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functions for self-diagnostics and management of the SHM system [88,148,149]. Similar 
SHM techniques are already used in certain industries, such as aeronautics, where they are 
applied for the SHM of aircraft composite structures [150,151]. Additionally, there is a 
tendency to require ambient energy harvesting for powering wireless sensors [152,153]. 
However, a major limitation in the field of energy harvesting is the fact that the energy 
generated by harvesting devices is far too small to directly power most electronics. Therefore, 
(i) efficient, innovative, and adapted methods of storing electric energy; and (ii) more energy-
efficient sensors are the key technologies that will allow energy harvesting to become a 
source of power for electronics and wireless sensors [154–156]. 
Two different approaches are emerging in the field of WTSHM. The first and more 
practical approach is the development of appropriate non-contact and remote NDT/inspecting 
technologies for in-service WTSHM because non-contact and remote NDTs have 
overwhelming advantages in terms of on-line testing and inspection. The second approach 
consists of equipping the WT with a SHM system consisting of a network of sensors, data 
acquisition units, and an on-site server installed in the WT maintenance room. The sensors 
(accelerometers, displacement transducers, and temperature sensors) are placed at different 
levels inside and outside the steel tower and on the foundation of the WT. In this last case, 
microchip path antennas are increasingly used for sensing, ambient energy harvesting, and 
data transmission [157–160]. 
h) Integration and Interaction of Monitoring and Control Systems 
Today’s standard CMSs essentially still operate in stand-alone mode, i.e., 
independent of the WT controller. The CMSs are increasingly integrated with control 
functions and included in maintenance concepts [161]. The full integration of CM 
capabilities within the WT control system is beneficial with regard to three different aspects: 
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(i) cost benefits; (ii) technical benefits; and (iii) quality benefits. An overview of the benefits 
of controller-integrated CMSs was presented in [162,163] and can be summarized as follows: 
Cost benefits: 
- Lower hardware costs due to industrial mass production and fewer components; 
- Lower installation and cabling costs due to integration in the existing control cabinet 
and communication with the main controller via bus systems; 
- Fewer required parts because no additional voltage transformers, communication 
modules, uninterruptible power supply (UPS), or similar devices are needed; 
- Reduced analysis because fewer false alarms occur. 
Technical benefits: 
- No measurement if interference signals are present; 
- Higher-quality raw data for analysis; 
- Fewer false alarms; 
- Reduced scatter leads to improved fault detection; 
- Integration of further signals (e.g., temperature, pressure, and current) enables 
integrated signal/system monitoring. 
Quality benefits: 
- Reliable hardware from established industrial suppliers; 
- Mass production with high-quality standards. 
i) Estimation of the Remaining Component Life Service 
The limited accessibility of offshore wind farms requires new maintenance and repair 
strategies. In fact, offshore wind farms are likely to be unreachable for several months out of 
a year, especially if sited in the North Sea and polar regions [164,165]. Thus, maintenance 
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and repair activities must be carried out during seasons in which the turbines are accessible. 
Components that are likely to fail during periods of inaccessibility must be replaced. This 
approach is referred to as a “condition-dependent and predictive maintenance and repair 
strategy” [38,166]. Such a strategy requires comprehensive knowledge of the actual 
condition and the remaining lifetime of the turbine components. Such knowledge can be 
provided by CMSs. For those components, a count of their lifetime fatigue load can provide 
information on the condition and remaining lifetime. However, current CMSs are not able to 
assure that a given component will not fail, nor can they prevent a failure. 
2.4.2. Future Research Challenges in WTCMTs 
Although CM technologies face various challenges in WT applications, they are still 
necessary and valuable. As with any technology, there is room for improvement such that 
these systems can be better utilized to benefit the wind industry. Based on the provided 
discussion on new trends in WTCM, selected key points that must be addressed by further 
research are listed as follows: 
- Determine the most cost-effective measurement or monitoring strategy. 
- Automate the “experts” in data interpretation to automate actionable recommendations. 
- Develop reliable and accurate prognostic techniques. 
- Improve the use of SCADA system data (normally only stored at 10-min intervals) to 
provide a more reliable, flexible, and efficient tool for automatic WT monitoring and 
control [133]. 
- Develop smart, wireless, and energy-efficient sensors that will offer opportunities for 
placing sensors in difficult-to-reach locations, electrically noisy environments, and 
mobile applications in which wires cannot be installed. 
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- Focus on providing the newest and industry-proven signal processing algorithms for 
extracting the key features of a signal to predict machine component health. 
- Combine numerical simulation analysis with testing, inspecting, and monitoring 
technologies. The finite element method is one such interesting tool that has 
traditionally been used in the development of WT blades, primarily to investigate the 
global behavior in terms of eigenfrequencies, tip deflections, and global stress/strain 
levels [167]. An advantage of using the finite element method is that complex load 
cases that represent actual wind conditions can be analyzed once the model is set up 
and calibrated. Moreover, this method will considerably reduce the cost of testing, 
inspecting, and monitoring for WTs, especially SHM. 
- Develop innovative, adapted, and efficient methods of harvesting and storing electric 
energy for autonomous and wireless sensors. 
Other technological advances that must be developed in WTCMs include 
advancements in diagnostic and prognostic software, acceptance of communication 
protocols, and developments in maintenance software applications and computer networking 
technologies [146]. Although these future research areas may appear challenging to address, 
they also represent great opportunities for CM to boost the success of the wind industry by 
reducing the COE and increasing its competitiveness. 
 CONCLUSIONS 
WT technology has greatly advanced in a relatively short time span. Among the 
technologies successfully transferred from applications in other industries, CMSs enable 
early detection and diagnosis of potential component failures and serve as a platform for 
implementing CM practices. 
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This paper performed an inventory and classification of WTCMTs and has 
highlighted the fact that a combination of preventive and reactive maintenance strategies can 
improve reliability, availability, and maintainability of WTs while reducing maintenance 
costs. An overview of CM and the maintenance process in the WT industry enabled the 
presentation of a global diagram linking the various concepts, and a comprehensive review 
of WTCM techniques and methods was carried out. 
For new trends in WTCM, the wind energy industry’s tendency to use larger WTs in 
remote locations implies the need for remote, intelligent, and integrated CMSs. In particular, 
efforts should be directed toward improving the capacity of CMSs for failure prognostics and 
determination of remaining equipment life. Finally, this work addressed certain important 
and challenging areas of research that should be explored for the industry to better cope with 
the major innovations that are likely to occur in the WTCM industry. 
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A New Approach for Modeling Darrieus-Type Vertical 
Axis Wind Turbine Rotors Using Electrical Equivalent 
Circuit Analogy: Basis of Theoretical Formulations and 
Model Development 
Pierre Tchakoua, René Wamkeue, Mohand Ouhrouche, Tommy Andy Tameghe and 
Gabriel Ekemb 
Résumé 
Les modèles sont essentiels dans le processus de conception en ingénierie car ils 
peuvent être utilisés aussi bien pour l'optimisation des paramètres de conception que pour la 
prédiction des performances. Ainsi, les modèles peuvent considérablement réduire les coûts 
de conception, de développement et d'optimisation. Cet article propose un nouveau modèle 
électrique équivalent pour les rotors d’éoliennes à axe vertical type Darrieus. Le modèle 
proposé a été construit à partir de la description mécanique donnée par le modèle à double 
disques et multiples tubes de vents donnés par Paraschivoiu et repose sur l'analogie entre 
circuits mécaniques et électriques. Ce travail présente les concepts physiques et les 
fondements théoriques sur lesquels est basé le développement du nouveau modèle. Après 
avoir présenté le principe de fonctionnement des éoliennes à axe vertical type Darrieus, les 
différentes étapes de développement du nouveau modèle sont graduellement présentées. À 
des fins d'évaluation, les caractéristiques aérodynamiques des pales et celles des composants 
électriques correspondants sont simulées et comparées. 
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Abstract 
Models are crucial in the engineering design process because they can be used for 
both the optimization of design parameters and the prediction of performance. Thus, models 
can significantly reduce design, development and optimization costs. This paper proposes a 
novel equivalent electrical model for Darrieus-type vertical axis wind turbines (DTVAWTs). 
The proposed model was built from the mechanical description given by the Paraschivoiu 
double-multiple streamtube model and is based on the analogy between mechanical and 
electrical circuits. This work addresses the physical concepts and theoretical formulations 
underpinning the development of the model. After highlighting the working principle of the 
DTVAWT, the step-by-step development of the model is presented. For assessment 
purposes, simulations of aerodynamic characteristics and those of corresponding electrical 
components are performed and compared. 
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3.1. INTRODUCTION 
The aerodynamic characteristics of vertical-axis wind turbines (VAWTs) are 
somewhat more complex than those of horizontal-axis configurations. Thus, industrial and 
academic research has primarily focused on horizontal-axis turbines over the past several 
decades. As a result, VAWTs are still relatively poorly understood [1]. 
3.1.1 The Growing Interest for Vertical-Axis Wind Turbines (VAWTs) 
VAWTs have various advantages over horizontal-axis wind turbines (HAWTs). The 
main advantage is their omni-directionality; a VAWT can operate using wind incident from 
any direction and therefore does not require a yaw control system. Moreover, a VAWT 
gearbox and generator can be placed at ground level, making maintenance easier and 
reducing construction costs [1–3]. Finally, VAWTs are noiseless and do not slow wind down 
as much as HAWTs do, making VAWTs less detrimental to humans and birds. As a result, 
VAWTs can be placed close together in a wind farm [4]. These advantages make VAWTs 
better suited to local production of clean electric power in industrial and residential areas [5]; 
furthermore, these benefits have led to a renewed interest in VAWTs for small- and medium-
scale power generation. For all of these reasons, VAWTs have experienced renewed interest 
in recent years [6–8]. Several universities and research institutions have conducted extensive 
research and developed numerous designs based on several aerodynamic computational 
models [3,6]. 
Being able to numerically predict wind turbine performance offers a tremendous 
benefit over classic experimental techniques; the major benefit is that computational studies 
are more economical than are such costly experiments. Various wind turbine computational 
models exist, each with their own strengths and weaknesses, which attempt to accurately 
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predict the performance of VAWTs [9]. These models are all based on the simple idea of 
being able to determine the relative velocity and, in turn, the tangential force component of 
the individual blades at various azimuthal locations [10]. 
3.1.2 The Necessity of a New Modeling Approach for Darrieus-Type Vertical-Axis 
Wind Turbines (VAWTs) 
VAWTs are becoming ever more important in wind power generation thanks to their 
compactness and adaptability for domestic installations. However, it is well known that 
VAWTs have poor efficiency, especially compared to HAWTs. To improve the performance 
of VAWTs, industries and researchers are attempting to optimize the design of the rotors 
[11]. Thus, models are crucial because they can be used for parameter optimization, 
performance prediction before fabrication, condition monitoring and fault detection and 
prediction [12–14]. Various models can be found for VAWT simulation in the literature [15–
22]. These models can be broadly classified into four categories: momentum models, vortex 
models, cascade models and computational fluid dynamic (CFD) models. Based on [17,23–
30], a quick literature survey was performed on most used models. Table 1 presents the 
relevant features as well as the advantages and shortcoming for each model category. Table 
1 shows that aerodynamic models remain unable to meet the demands of various applications, 
although the streamtube and vortex models have seen significant improvement. Meanwhile, 
CFD solutions remain computationally very expensive and are basically prohibitive for the 
routine engineering analyses of the local interaction mechanisms of wind turbines. 
Furthermore, none of the models with high reliability and accuracy can be efficiently coupled 
with models of the other mechanical and electrical parts of the wind turbine to form a global 
model for the wind energy conversion system (WECS). 
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The goal of this research is to establish the bases for the construction of a new model 
for Darrieus-type vertical axis wind turbines (DTVAWTs). This model is likely to be more 
user friendly for the electrical engineering community in particular. This is of great 
importance especially because wind energy is multidisciplinary domain with increasing 
resources from the field of electrical engineering. In addition, it will be possible to link the 
model to other mechanical and electrical part models to form a global model for the WECS. 
Such a global model will help users understand the effects of various aerodynamic 
phenomena and other structural faults on other blade components as well as the overall 
performance of the WECS. Finally, the new model is of great versatility and may therefore 
permit the study of various effects and phenomena, including dynamic stall effects, flow 
curvature effects, pitching circulation, added mass effects, interference among blades, and 
vibration effects. 
The proposed model is an equivalent model based on the analogy between mechanical 
and electrical circuits. Our initial motivation is that the use of electrical circuit elements to 
model physical devices and systems has a long history of success. Additionally, knowledge 
of analogies and construction of an analogue model for a given system allows the study of a 
system in an environment other than that for which it is intended [31–33], thereby facilitating 
the study of specific phenomena of the system. Moreover, a model based on electrical 
components is accessible and quickly understood by researchers from almost all engineering 
fields. This last argument is of great importance because research and development in the 
wind turbine industry requires a variety of competencies from different fields of engineering. 
Furthermore, the equivalent electrical model can take advantage of existing resources by 
simultaneously capitalizing on their strengths and minimizing their respective drawbacks. In 
addition, such a model can be a good tool for the simulation of wind turbine rotor operation 
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in the case of physical damage or structural faults on one or more blades. Finally, because 
electric and other dynamic models for other parts of the wind turbine have been developed 
[34–41], this new model can be easily linked to existing models to obtain an overall wind 
turbine model. 
This paper proposes a new approach for modeling Darrieus-type VAWT rotors using 
the electrical-mechanical analogy. This new model is likely to be more appropriate for the 
design, performance prediction and optimization of Darrieus rotors. Mechanical fault 
diagnosis and prognosis is also an important aspect because the model can be use to simulate 
the rotor’s behavior for the case of a mechanical fault on one or more of the blades as well 
as on rotor-shaft coupling elements. This paper focuses on providing a proof-of-concept 
demonstration of the new model. Section 2 presents the working principle of Darrieus-type 
VAWTs. In Section 3, the basis of the mechanical-electrical analogy approach is discussed. 
Theoretical concepts underpinning the new model and the step-by-step development process 
are also described in this section. The results are presented and discussed in Section 4; 
simulations of aerodynamic characteristics and those of corresponding electrical components 
are presented for a single blade and for various parameters of the new model. Finally, Section 
5 concludes the paper and gives prospects for future research work. 
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Table III-1    Features, advantages and shortcoming of different aerodynamic models for vertical-axis wind turbine (VAWT) rotors. 
Model Main features Advantages Shortcomings 
Momentum or 
blade element 
model 
- Combines momentum theory with blade 
element theory. 
- Uses the calculation of flow velocity through 
the turbine by equating the streamwise 
aerodynamic force on the blades with the 
rate of change of momentum of air. 
- Momentum models include the single 
streamtube model, multiple streamtube 
model and Double-multiple streamtube 
model. 
- Can predict the overall performance of a 
lightly loaded wind turbine. It is thus 
useful for overall design. 
- Very fast computational prediction. 
- Can provide a good correlation between 
the performance prediction and the 
experimental data (double-multiple 
streamtube model). 
- Invalid for large tip speed ratios and for high 
rotor solidities. 
- Does not provide any information as to the 
shape of the near wake, which is important 
when considering the placement of struts 
and other structures close to the turbine 
blades. 
- The effect of perpendicular perturbations in 
blade element momentum (BEM) methods 
can only be added as a correction. 
- Cannot predict wind velocity variations 
across the rotor. 
- Some convergence problems (double-
multiple streamtube model). 
Vortex model 
- Potential flow models based on the 
calculation of the velocity field about the 
turbine through the influence of vorticity in 
the wake of the blades. 
- Vortex models include the free-wake vortex 
model and fixed-wake momentum theory. 
- Can include the dynamic stall effect, 
pitching circulation and added mass effect. 
- Capable of providing information about 
the wake structure near the turbine 
because the velocity normal to the 
airflow is neglected. 
- High-precision prediction capabilities. 
- Can be used for highly loaded rotors at 
large tip speed ratios. 
- Naturally addresses perturbations both 
parallel and perpendicular to the 
streamwise velocity. 
- Computationally too expensive. 
- Relies on significant simplifications (such as 
the potential flow being assumed in the 
wake, and the effect of viscosity in the blade 
aerodynamics is included through empirical 
force coefficients). 
- Convergence problems in some cases. 
- Computational accuracy greatly dependent on 
the potential flow model used in computations. 
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Table III-1 . Cont. 
Model Main features Advantages Shortcomings 
Cascade model 
- Consists in equidistantly placing the blades 
one behind another on a plane, the width of 
which is the circumference of the rotor. 
- The aerodynamic characteristics of each 
element of the blade are independently 
obtained using the local Reynolds number. 
- Can predict the overall values of both 
low and high solidity turbines quite well. 
- Highly precise computation with no 
iterative convergence even at high tip 
speed ratios and high solidities. 
- Incorporates the effect of the local 
Reynolds number variation at different 
azimuth angles, zero-lift-drag coefficients, 
finite aspect ratios and flow curvature 
effect in the calculation process. 
- Dynamic stall and flow curvature with 
blade pitching can be considered. 
- Achieves smooth convergence even at 
high tip speed ratios and high solidity 
VAWT with quite reasonable accuracy. 
- Reasonable computation time. 
Computational 
fluid dynamics 
(CFD) model 
- CFD simulation of VAWT is performed by 
solving the Unsteady Reynolds Averaged 
Navier Stokes (URANS) equation. 
- According to the discrete principle, CFD 
models can be generally classified into three 
branches: the Finite Difference Method 
(FDM), the Finite Element Method (FEM) 
and the Finite Volume Method (FVM). 
- Provides a more precise aerodynamic 
prediction for VAWTs (reliability  
and accuracy). 
- Can visualize the flow near airfoils  
in detail. 
- Can accelerate the design process and 
reduce the overall cost of design. 
- Effective solutions for the analysis of local 
flow fields around blades, particularly for 
dynamic stall and wake flow. 
- Attractive solution for  
performance optimization 
- Computationally intensive. 
- Basically prohibitive for the routine 
engineering analyses of wind turbines. 
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3.2. THEORY: WORKING PRINCIPLE OF DARRIEUS-TYPE 
VERTICAL-AXIS WIND TURBINES (VAWTS) 
A vertical-axis wind turbine is of Darrieus-type when it is driven by aerodynamic lift 
[26,42]. The Darrieus turbine consists of two or more aerofoil-shaped blades attached to a 
rotating vertical shaft. The wind blowing over the aerofoil contours of the blade creates 
aerodynamic lift and actually pulls the blades along. In this section, general mathematical 
expressions that describe the aerodynamic models of Darrieus-type VAWTs are presented. 
Let us consider a curved blade Darrieus-type VAWT as shown in Figure III-1. The 
given aerofoil is characterized by its height 2H, rotor radius R, number of blades Nb = 3 and 
blade chord c. Consider a given point on any of the blades. r and z are the local radius and 
height, respectively. When the rotor is subject to an instantaneous incoming wind speed 
0 ( )W t , it turns at a rotational speed ω(t). 
 
Figure III-1   Curved, three-blade, Darrieus-type VAWT. 
Figure III-2 shows the aerodynamic forces and the three velocity vectors acting on 
Darrieus-type VAWT blade elements at a random position [25,43]. LF  and DF  are the lift 
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and drag force, respectively. As the blade rotates, the local angle of attack α varies with the 
relative velocity rW . The incoming wind speed 0W  and the rotational velocity of the blade ω 
govern the orientation and magnitude of rW  [23,42]. In turn, the forces LF  and DF  acting on 
the blade vary. The magnitude and orientation of the lift and drag forces as well as the 
resultant force vary. The resultant force can be decomposed into a normal force NF  and a 
tangential force TF .  
The tangential force component then drives the rotation of the wind turbine and 
produces the torque necessary to generate electricity [24]. 
 
Figure III-2   Velocity and force components for a Darrieus-type VAWT (DTVAWT). 
Elementary normal and tangential forces applied to a blade element are, respectively, 
given by [44]: 
2
N N
1d ρ d
2 cos δ
cF C W z    
 (1) 
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2
T T
1d ρ d
2 cosδ
cF C W z    
 (2) 
where δ is the pitch angle of the blade, defined as 1δ tan
2
H
z
     
; c is the blade chord 
(m); and NC  and TC  are the normal and tangential force coefficients, respectively, which 
are given by: 
N L Dcosφ sinφC C C  , T L Dsinφ cosφC C C   (3) 
where LC  and DC  are the blade lift and drag coefficients, respectively. These 
coefficients are related to the blade profile and are obtained from empirical data and made 
available by the blade manufacturer. LC  and DC  are experimentally determined and depend 
on the incidence angle α and the Reynolds number ωe
R cR
W
  [45]. The lift and drag 
coefficients are given by the following relations [42]: 
L
2ρ
2
xRC
l W

 
 
(4) 
D
2ρ
2
zRC
l W

 
 
(5) 
If we assume that the relative dynamic pressure flow q and the blade element area eA  
can be expressed as 21 ρ
2
q W  and deA c z  , then [46]: 
N
Nd cos δ
eC qAF   (6) 
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T
Td cos δ
eC qAF   (7) 
The components of the force acting along the x and y Cartesian directions are also 
called the lift and drag forces. The elementary lift and drag forces are given by [44]: 
b
L N b
cosθd sinθ d
cosδT
F qc C C z     
 (8) 
b
D N b T
sinθd cosθ d
cosδ
F qc C C z    
 (9) 
As described in [43,47], the total lift and drag forces, LF  and DF , for a single blade 
can then be calculated by integrating LdF  and DdF  with respect to the height ( H z H   ) 
and the azimuthal revolution ( b0 θ 2π  ). We then obtain: 
2π
b
L N b T b
θ 0
cosθsin θ dθ d
2π cos δ
H
z H
cF q C C z
 
        (10) 
2π
b
D N b T b
θ 0
sin θcosθ dθ d
2π cos δ
H
z H
cF q C C z
 
       (11) 
For a rotor with bN  blades, the average lift and drag forces for the rotor are defined as: 
2π
b b
Lr N b b
θ 0
cosθsin θ dθ d
2π cos δ
H
T
z H
N cF q C C z
 
        (12) 
2π
b b
Dr N b T b
θ 0
sin θcosθ dθ d
2π cosδ
H
z H
N cF q C C z
 
       (13) 
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The torque of the Darrieus rotor is produced solely by the tangential component of 
the applied force [23,43,48]. Thus, from the elementary tangential force of the rotor, we can 
obtain the elementary torque of the rotor at a given position. For a blade element of length 
d / cosδz , we obtain: 
T
Bd dcos δ
C qrcT z  (14) 
The torque varies as a function of the azimuthal angle and the rotor height [48]. The 
total torque can then be obtained by successively integrating the elementary torque with 
respect to the variables θ and z. For a rotor with bN  blades, we have: 
2π
R b B
0
ω dθ d
2π cos δ
xH
T
b
z xH
qC rcT N T z

     (15) 
The average power generated by the rotor shaft is defined as: 
2π
R b
0
ωω dθ d
2π cos δ
xH
T
z xH
qC rNcP T z

     (16) 
The power coefficient of the rotor can then be obtained as: 
2π
p b3
max 0
81 1 ω dθ d
64 2π ρ cos δ
xH
T
z xH
qC rP NcC z
P V RH 
     (17) 
3.3. METHOD AND MODEL CONSTRUCTION 
Based on the aerodynamic model described in the precedent section, this section is 
devoted to the presentation of the building process of an equivalent electrical model. Our 
methodology is based on the complex plane representation of various model subassemblies 
and an analogy between electrical and mechanical systems. 
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3.3.1. The Mechanical-Electrical Analogy Approach 
The main value of analogies lies in the way in which mathematics unifies these 
diverse fields of engineering into one subject. Tools developed for solving problems in one 
field can be used to solve problems in another. This is an important concept because some 
fields, particularly electrical engineering, have developed rich sets of problem-solving tools 
that are fully applicable to other engineering fields [49]. There are simple and straightforward 
analogies between electrical and mechanical systems. Furthermore, analogies between 
mechanical systems and electrical and fluid systems are effective and are in common use. 
Two valid techniques of modeling mechanical systems with electrical systems or 
drawing analogies between the two types of systems can found in the literature, with each 
method having its own advantages and disadvantages [50–54]. The first technique is 
intuitive; in this technique, current corresponds to velocity (both are motion), and voltage 
corresponds to force (both provide a “push”). The second technique is the through/across 
analogy, which uses voltage as an analogy for velocity and current as an analogy for force. 
The two schools of thought for modeling mechanical systems with electrical systems are 
presented in Table 2 [49]. Both are valid. However, the through/across analogy results in a 
counterintuitive definition of impedance [49,51,52,55]. The analogy for impedance that is 
universally applied is the one from the intuitive analogy listed in the corresponding section 
of Table II-1. For this reason, the intuitive analogy will be used in the present study. 
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Table III-2   System analogy used in developing the new model. 
Topology-Preserving Set (book’s Analogy)  
   Intuitive Analogy Set 
  

Intuitive Stretch 
 

Topology Change 
  
Description Trans Mech 
Rot 
Mech 
Electrical Thermal Fluid Trans Mech Rot Mech Description 
“through” 
variable 
𝑓 (force) 
𝜏 
(torque) 
𝑖 
(current) 
𝜙 (heat 
flux) 
q (flow) 𝑣 (velocity) 
ω (angular 
velocity) 
Motion 
“across” 
variable 
𝑣 (velocity) 
ω 
(angular 
velocity) 
ν 
(voltage) 
T, θ p (pressure) 𝑓 (force) 𝜏 (torque) 
Push 
(force) 
Dissipative 
element 
𝑣 =
𝟏
𝑩
 𝑓 ω =
𝟏
𝑩𝒓
𝜏 𝑣 = 𝑖𝑹 𝜃 = ϕ𝑹 𝑝 = 𝑞𝑹 
𝑓 = 𝑣𝑩 
 
𝜏 = ω𝑩𝒓 
 
Dissipative 
element 
Dissipation 𝑓ଶ
𝟏
𝑩
=
𝑣ଶ
𝟏/𝑩
 
𝜏ଶ
𝟏
𝑩
=
ωଶ
𝟏/𝑩
 
𝑖ଶ𝑹
= 𝑣ଶ/𝑹 
N/A 
𝑞ଶ𝑹
= 𝑝ଶ/𝑹 
𝑣ଶ𝑹
= 𝑓ଶ/𝑹 
𝜔ଶ𝑩𝒓
= 𝜏ଶ/𝑩𝒓 
Dissipation 
Through-
variable 
storage 
element 
𝑣 =
𝟏
𝑲
𝑑𝑓
𝑑𝑡
 
or ∫ 𝑣𝑑𝑡 =
𝟏
𝑲
𝑓 
ω
=
𝟏
𝑲𝒓
𝑑𝜏
𝑑𝑡
 
or 
∫ 𝜔𝑑𝑡 =
𝟏
𝑲𝒓
𝜏 
𝑣 = 𝑳
𝑑𝑖
𝑑𝑡
 N/A 𝑝 = 𝑰
𝑑𝑞
𝑑𝑡
 
𝑓 = 𝑴
𝑑𝑣
𝑑𝑡
 
(one end 
must be 
“grounded”) 
𝜏 = 𝑱
𝑑ω
𝑑𝑡
 
(one end 
must be 
“grounded”) 
Motion 
storage 
element 
Energy 𝐸 =
ଵ
ଶ
 
𝟏
𝑲
𝑓ଶ 
𝐸
= ଵ
ଶ
𝟏
𝑲𝒓
𝜏ଶ 
𝐸
= ½𝑳𝑖ଶ 
 𝐸 = ½𝑰𝑞ଶ 𝐸 = ½𝑴𝑣ଶ 𝐸 = ½𝑱ωଶ Energy 
Impedance 
Standard definition is at 
right 
𝑉(𝑠)
= 𝐼(𝑠)𝑳𝒔 
 
𝑃(𝑠)
= 𝑄(𝑠)𝑰𝒔 
𝐹(𝑠)
= 𝑉(𝑠)𝑴𝒔 
𝑇(𝑠)
= Ω(𝑠)𝑱𝒔 
Impedance 
Across 
variable 
storage 
element 
𝑓 = 𝑴
𝑑𝑣
𝑑𝑡
 
(one end 
must be 
“grounded”) 
𝜏 = 𝑱
𝑑𝜔
𝑑𝑡
 𝑖 = 𝑪
𝑑𝑣
𝑑𝑡
 
ϕ = 𝑪
𝑑θ
𝑑𝑡
 
(one end 
must be 
“grounded”) 
𝑞 = 𝑪
𝑑𝑝
𝑑𝑡
 
(one end 
usually 
“grounded”) 
𝑣 =
𝟏
𝑲
𝑑𝑓
𝑑𝑡
 
or ∫ 𝑣𝑑𝑡 =
𝟏
𝑲
𝑓 
ω =
𝟏
𝑲𝒓
𝑑𝜏
𝑑𝑡
 
or ∫ ω𝑑𝑡 =
𝟏
𝑲𝒓
𝜏 
Push 
(force) 
storage 
element 
Energy 𝐸 = ½𝑴𝑣ଶ 
𝐸
= ½𝑱ωଶ 
𝐸
= ½𝑪𝑣ଶ 
𝐸 = 𝑪𝑇 
(not 
analogous) 
𝐸 = ½𝑪𝑝ଶ 𝐸 =
ଵ
ଶ
 
𝟏
𝑲
𝑓ଶ 𝐸 = ଵଶ
𝟏
𝑲𝒓
𝜏ଶ Energy 
Impedance 
The standard definition 
of mechanical 
impedance is the one on 
the right, based on the 
intuitive analogy 
𝑉(𝑠)
= 𝐼(𝑠)
𝑰
𝒔𝑪
 
Θ(𝑠)
= Φ(𝑠)
𝟏
𝒔𝑪
 
𝑃(𝑠)
= 𝑄(𝑠)
𝟏
𝒔𝑪
 
𝐹(𝑠)
= 𝑉(𝑠)
𝑲
𝒔
 
𝑇(𝑠)
= Ω(𝑠)
𝑲𝒓
𝒔
 
Impedance 
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3.3.2. Wind Flow as an Electric Current Source 
The analogy between air flow and electrical current is mathematically accurate; the 
momentum of a section of a gas, also called inertance, is directly analogous to electrical 
inductance. The compliance of a transmission vessel (hose or pipe) is directly analogous to 
electrical capacitance [56–59]. In this section, we will model the wind flow across the rotor 
as an electric current source. 
Figure III-3 shows the top view of a three-blade VAWT and the different velocity 
components. Considering one of the blades, its shift position bx  is characterized by the rotor 
radius R and the angular position bθ . Thus, the complex representation of the blade shift 
position bx  can be written as follows [60–62]: 
bθ
b
jx Re  (18) 
 
Figure III-3   Top view of a three-blade VAWT showing the velocity components relative to the blade. 
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The linear velocity of the blade 
bW  can be obtained by deriving its position with 
respect to time. We then have [63]: 
bθb
b b
d( ) θ
d
jxW j Re
t
    
(19) 
where bθ =ω  is the rotational speed and 0W  is the incoming wind and represents wind 
from any direction. The relative wind seen by the blades at any moment is given by 
[61,64,65]: 
bθ
r 0 b 0 ω
jW W W W j Re   
  
 (20) 
As explained in [61], the angle definitions are counter-clockwise; hence, α and φ are 
negative for the directions of rW  and bW  (Figure III-4). Therefore, if we consider the blade 
reference frame, the angle of the relative wind is obtained by rotating 
rW  by an angle
bθjje , 
thereby aligning the blade motion with the negative real axis. The relative flow velocity for 
a blade in its own reference frame can then be defined as: 
 b bθ θrb r 0 ωj jW W je W je R      (21) 
The algebraic expression can be written as follows: 
   rb 0 b 0 bω sinθ cosθW R W j W    (22) 
 90 
 
 
Figure III-4   Definition of angles and velocities. 
The Paraschivoiu model [43] assumes that the direction of the flow does not change. 
Therefore, the angle of the blade relative to the vertical axis η is taken into consideration 
when expressing the relative wind velocity seen by the blade. Hence, from Equation (22), the 
relative wind seen by the blade element, and that corresponding to the streamtube i, can be 
expressed as follows: 
   rb 0 b 0 bω sinθ cosθ cosηi i i i iW R W j W    (23) 
where η is the angle of the blade relative to the vertical axis and is equal to zero for straight 
blade VAWTs ( η 0  and cos η 1 ). If the parabola shape of the blade is approximated as: 
2
1r z
R H
    
 (24) 
then the angle of the blade relative to the vertical axes can be defined as [43,66]: 
 
1 1 1η tan tan
2 2 1
H
z r R
 
           
 (25) 
The angle of the relative wind is the argument of rbW  [9,47]. Because 0W  is 
considered to be real, we can write: 
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1 1b b
b
b
0
cos θ cos η cos θ cos ηφ tan tan
λ sin θω sin θ
i i i i
i
i ii
i
i
R
W
 
 
                 
 (26) 
where 
0
ωλ R
W
  is the blade tip speed ratio. 
Considering the pitch angle δ, the angle of attack α is obtained through summation of the 
pitch angle and that of the relative wind [23]; specifically: 
α φ δ   (27) 
Finally, the wind’s angle of attack relative to a streamtube i can be written as follows: 
1 b
b
cos θ cos ηα tan δ
λ sin θ
i
i
i
     
 (28) 
For a given blade element situated at a height z  and corresponding to a given 
streamtube, η and δ are constant. The angle of attack (AoA) will therefore vary with the angle 
of the relative wind speed, that is, with the rotational angle of the blade. Figure III-5 shows 
the variation of the angle of attack as a function of the rotational angle of the blade for 
different values of the tip speed ratio λ. The results are in accordance with those obtained in 
[67] and show that small tip speed ratios lead to large incidence variations during a 
revolution. 
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Figure III-5   Angle of attack as function of the rotational angle. 
Additionally, the absolute value of the relative velocity is the modulus of the complex 
algebraic definition in Equation (22). Therefore, it can be written in accordance with the 
definition in [68]: 
   
2
2 2
rb 0 b b
0
ω sin θ cos θ cos ηRW W
W
 
   
 
 (29) 
Broadly speaking, the incident wind at the wind turbine rotor can be written as a complex 
number: 
(φ δ)
rb rb e
jW W   (30) 
As stated in [56–59], an analogy can be made between the wind flow in a streamtube 
and an electric current. Equation (30) is similar to the complex expression of a sinusoidal 
current generator. Moreover, if the incident wind flow is assumed to be an electric current, 
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then the wind relative dynamic pressure flow 2rb
1 ρ
2
q W  (where q is given in 3N/m  and the 
fluid density ρ is given in 3kg/m ), which is the energy acquired by the wind due to its velocity, 
can be considered as an electric energy source. Referring to our system analogy table, this 
will be a current source. The wind relative dynamic pressure flow can therefore be written as 
a complex number: 
   2 2 2(φ δ) 2(φ δ)w rb rb rb1 1 1ρ ρ e ρ2 2 2
j jI q W W W e    
   
2
2 22 2(φ δ)
w 0 b b
0
1 ωρ sin θ cosθ cos η e
2
jRI W
W

         
 
(31) 
Finally, the instantaneous expression of the current source that represents the relative wind 
seen by the blade is as follows: 
 w ( ) cos ω 2α 2αi t t    (32) 
where    
2
2 22
0 b b
0
1 ωρ sin θ cosθ cos η
2
RW
W
          
 and 1 b
b
cos θ cos ηα tan δ
λ sin θi
     
. ψ 
is the modulus of the current flow and varies with the rotational angle of the blade. 
As shown in Figure III-6, in the double-multiple multi-streamtube models, the 
incoming wind speed in the upstream u0W  disk is different than that in the downstream disk 
d
0W  [69]. Thus, the modulus of the corresponding current in the downwind disk is slightly 
lower than that in the upwind disk ( d u  ). We can therefore incorporate this into the 
current source definition. The new current definition is Equation (33), and the electric current 
source analogy for wind flow can be represented as shown in Figure III-7: 
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 
 
u
w d
sin ω 2α     for  π / 2 θ π / 2
( )
sin ω 2α     for   3π / 2 θ π / 2
t
i t
t
     
    
 (33) 
 
Figure III-6  Double-multiple multi-streamtube model. 
Finally, the wind flow in our model is represented as follows: 
 
Figure III-7   Wind flow equivalent electrical model. 
3.3.3. Single-Blade Electrical Equivalent Circuit (Normal, Tangential, Lift and 
Drag Coefficients) 
The aerodynamic force coefficients acting on a cross-sectional blade element of a 
Darrieus wind turbine are shown in Figure III-8 [70]. The directions of the lift and drag 
coefficients as well as their normal and tangential components are illustrated. 
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Figure III-8   Aerodynamic coefficients acting on a Darrieus WT blade element [71]. 
LC  and DC  denote the lift and drag coefficients, respectively. They are related to the 
blade profile, obtained from empirical data, and provided by the blade manufacturer. LC  and 
DC  are experimentally determined and depend on the incidence angle α and the Reynolds 
number [42]. The lift and drag coefficients for 2-D sections are readily available for a wide 
variety of wing sections at angles of attack up to the point of stall [72]. However, we 
performed a simulation while varying LC  and DC  as functions of the rotational angle of the 
blade for an NACA0012 for the full 360° range of angles. The results are presented in 
Figure 9 and are in agreement with data in the literature for the corresponding blade profile 
[17,73–75]. 
a) Writing Normal, Tangential, Lift and Drag Coefficients as Complex Numbers 
Consider a complex coordinate system defined as shown in Figure III-9. 
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Figure III-9   Lift and drag coefficients variations as a function of the angle of attack for a NACA0012 blade 
profile. 
The vertical axis is assumed to be real, and the horizontal axis is assumed to be 
imaginary. In this new complex coordinate system, the lift and drag coefficients can be 
written as complex numbers: 
L
L
DD
φ
π φ
2
CC
CC
             
 (34) 
Using the signs of their imaginary components, LC can be regarded as an inductive 
coefficient with absolute value LC  and angle α, and DC  can be seen as a capacitive coefficient 
with absolute value DC  and angle 
π φ
2
   
. We can therefore write: 
φ
L LL
L
πφ
2 D DD
D
cosφ sinφe
π πcos φ sin φe 2 2
j
j
C jCCC
C jCC C
   
                               
 (35) 
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which then becomes: 
L L L
D DD
cosφ sin φ
sin φ cosφ
C C jC
C jCC
          
 (36) 
The total or equivalent complex coefficients can be obtained by including the lift and  
drag coefficients: 
   eq L D L L D Dcosφ sinφ sinφ cosφC C C C jC C jC       (37) 
Grouping real and imaginary components, we obtain: 
   eq L D L Dcosφ sinφ sinφ cosφC C C j C C     (38) 
The tangential force coefficient 
TC  is basically the difference between the tangential 
components of the lift and drag forces. Similarly, the normal force coefficient 
NC  is the 
difference between the normal components of the lift and drag forces [25,43,76]. Thus, in 
the complex plane, 
NC  is real, and TC  is imaginary. From Equation (38): 
eq N TC C jC   (39) 
where: 
N L D
L DT
cos φ sin φ
sin φ cos φ
C C C
C CC
        
 (40) 
The tangential coefficient characterizes the force tangential to the blade. To consider the 
influence of η on 
TC , this letter is multiplied by 
1κ
cosη
 , namely, the coefficient of the 
blade tilt relative to the vertical axis; κ 1  for straight-blade VAWTs [43]. Hence, the new 
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definitions of the normal and tangential coefficients that can be applied to any VAWT blade 
configurations are: 
 
L D
L DN
L DL DT
cos φ sin φcos φ sin φ
sin φ cos φ
κ sin φ cos φ
cos η cos η
C CC CC
C CC CC
                
 (41) 
The lift and drag coefficients become: 
L L
L
D
D D
sin φcosφ
cos η
cosφsin φ
cos η
C jC
C
C C jC
             
 (42) 
b)  Normal, Tangential, Lift and Drag Impedances 
The blade is divided into n elements, as shown in Figure III-10. Each blade element 
corresponds to a given streamtube. These blade elements will experience varying flow 
characteristics because they may have, depending on the design, different radii, angles of 
relative wind speed, pitch angles, angles relative to the vertical axis, local heights, etc. Our 
approach is to calculate the characteristics for each blade element. The overall performance 
of the blade will then be obtained by the discrete addition of the n blade element 
characteristics along the span of the blade. 
Each moving body in the air is subjected to a resisting force that tends to oppose this 
movement.  
This resistance is a function of the air properties but also depends on the characteristics of 
the body itself (surface, shape, weight, etc.). 
Kirchhoff’s first law for air circuits states that the quantity of air leaving a junction must 
equal the quantity of air entering the junction. Kirchhoff’s second law states that the sum of 
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the pressure drops around any closed path must be equal to zero. Pressure differences and 
head losses are analogous to voltage, electrical current is analogous to volumetric airflow 
rate and electrical resistance is analogous to airflow resistance [59,77–80]. This approach 
provides a useful framework when developing an equivalent electrical circuit for a blade. 
 
Figure III-10  Discretization of the blade into n elements. 
To develop our new model, and in accordance with our mechanical-electrical 
analogy presented in Table III-1, the blade resistance will not represent a force; rather, it will 
represent the capacity of the blade to oppose the wind flow. 
Thus, the blade element resistance can be defined as [57,81–84]: 
Bi i iR C A   (43) 
where: 
- iR  is the aerodynamic resistance of the blade element; 
- BiC  is the equivalent aerodynamic coefficient of the blade; 
- iA  is the cord surface of the blade. 
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This aerodynamic resistance of the blade element can be decomposed into two 
components: a horizontal component (in the direction of the flow), which constitutes the drag 
aerodynamic resistance, and a component perpendicular to the plate, directed upwards, which 
is called the lift aerodynamic resistance [45]. 
Based on [57,58,70,85], various impedances of a blade element, because we are using 
a complex coordinate system, the elementary equivalent impedance of a blade element is 
obtained by multiplying the corresponding elementary complex coefficient by the elementary 
surface. Thus, we can write: 
L L L L
sinφcosφ
cosη
i
i i i i i i i i i
i
Z AC c z C jc z C        (44) 
From Equation (44), we can write: 
L L Li i iZ R jX   (45) 
with: 
L
L
LL
cosφ
sinφ
cosη
i i i i
i
i
i i ii
i
c z C
R
c z CX
  
           
 (46) 
where LiR  and LiX  are the resistive and inductive components of the elementary lift 
impedance, respectively. Because LiC  varies with the angle of attack α, LiR  and LiX  
correspond to a variable resistor (  L αi iR f ) and a variable inductor (  L αi iX f ), 
respectively. The equivalent electrical diagram for the lift impedance of a blade element is 
as shown in Figure III-11. 
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Figure III-11  Equivalent electrical diagram for the lift force applied to a blade element. 
Identically, the elementary drag impedance is: 
D D D D
cosφsinφ
cosηi
i
i i i i i i i i i
i
Z AC c z C jc z C        (47) 
From Equation (47), we can write: 
D D Di i iZ R jX   (48) 
with: 
D
D
DD
sinφ
cosφ
cosη
i i i i
i
i
i i ii
i
c z C
R
c z CX
  
           
 (49) 
where DiR  and DiX  are the resistive and inductive components of the elementary drag 
impedance, respectively. Because DiC  varies with the angle of attack α, DiR  and DiX  will 
correspond to a variable resistor (  D αi iR f ) and a variable capacitor (  D αi iX f ), 
respectively. The equivalent electrical diagram for the drag impedance of a blade element is 
as shown in Figure III-12. 
 
Figure III-12  Equivalent electrical diagram for the drag force applied to a blade element. 
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c) Total Impedance and Equivalent Electrical Circuit of a Single Blade 
From the preceding section, the lift coefficient of the blade produces inductive 
impedance, and the drag coefficient is responsible for the creation of capacitive impedance. 
As suggested by the Aynsley resistance approach in [59], the total impedance for a blade 
element is obtained by adding the elementary lift and drag impedances. We have the 
following development: 
 B B L L L Di ii i i i i iZ A C A C C Z Z      (50) 
that is: 
B L Di i iZ Z Z    (51) 
We can then write: 
 B L D L Dsin φ cos φcos φ sin φ cos η cos η
i i
i i i i i i i i i i i
i i
Z c z C C jc z C C
 
      
 
 (52) 
Finally: 
T
B N cosη
i
i i i i i i
i
CZ c z C jc z       (53) 
From Equation (53), we can write: 
B N Ti i iZ Z Z   (54) 
where: 
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 
L D
L DN
L DL DT
cos φ sin φ
sin φ cos φ
cos η cos η
i i i i
i ii i
i i
i ii i ii
i i
C CR RZ R
C CjX j X XZ
                         
 (55) 
Equations (54) and (55) show that the real component of the total elementary 
impedance is resistive and is generated by the normal coefficient. In the same vein, the 
imaginary component of the total elementary impedance is reactive and is produced by the 
tangential coefficient. This is in accordance with the definitions of the normal and tangential 
coefficients and forces found in the literature [86]. 
The total impedance of the entire blade is obtained by the addition of n discrete 
elementary impedances over the full height of the rotor [87]: 
 B B
1 1
n n
i i i
i i
Z Z R jX
 
     (56) 
Specifically: 
 
T
B N
1 1
L D L D
1 1
cos η
sin φ cos φ    cos φ sin φ
cos η cos η
n n
i
i i i i i
i i i
n n
i i
i i i i i i i i i i
i i i i
CZ c z C j c z
c z C C j c z C C
 
 
 
 
    
 
 
 
 (57) 
We can then write: 
B L D L D
1 1 1 1
sin φ cos φcos φ sin φ
cos η cos η
n n n n
i i
i i i i i i i i i i i i i i
i i i ii i
Z c z C c z C j c z C c z C
   
          
     (58) 
If we consider: 
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1
L
D
1D
L
L
1D
D
1
cosφ
sin φ
sin φ
cosη
cosφ
cosη
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i i i i
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i i i i
i
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i
i i i
i i
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i
i i i
i i
c z C
R
c z C
R
X c z C
X
c z C
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 
 
 
  
  
      
  
   
 
 
 




 (59) 
We can write:  
 B B B N TZ R jX Z jZ     (60) 
where: 
N B L D
B L DT
Z R R R
X X XZ
               
 (61) 
For a given blade element, the equivalent electrical components are subject to the 
same wind flow. Thus, the equivalent electrical components of a blade are considered 
connected in series. Therefore, the electric equivalent circuit for a blade that is subject to a 
wind flow is as shown in Figure III-13. 
 
Figure III-13  Electric equivalent circuit for a blade that is subject to a wind flow. 
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3.4. RESULTS AND DISCUSSION 
This section presents the obtained equivalent electrical model for a single blade. The 
simulation results for different elements of the model are also given. The simulations were 
conducted using data for NACA0012 that can be obtained from different sources in the 
literature [88–90] with Reynolds numbers ranging from 500,000 to approximately 750,000. 
Our selection was motivated by the fact that the NACA0012 blade profile is one of the most 
studied and commonly used as a rotor blade aerofoil section [89]. Finally, the simulation 
results were assessed using other results that can be found in the literature [91]. 
3.4.1. The Electrical Equivalent Model of a Single Blade 
The wind flow through the blade (the current flow through the circuit) will produce 
lift and drag forces (lift and drag voltage) on the one hand and normal and tangential forces 
(normal and tangential voltage) on the other hand. The normal and tangential voltages 
produced by the blade can be expressed as follows: 
 
0 B
N wN B
π /2
BT wT B
2αe
2α, 2α π2αe
2
i
i
RZ IV R
XZ IV X
                               
 (62) 
Following the laws of electrical circuit analyses, the total voltage across a blade can be 
obtained by the algebraic sum of the lift and drag voltages. We can then write: 
 B w B w N T N TV I Z I Z jZ V V        (63) 
Nevertheless, the torque delivered by the blade is produced only by the tangential 
component of the force. Therefore, only the tangential voltage will create the power in the 
corresponding electric circuit. Finally, the electric circuit corresponding to a single blade is 
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obtained. Figure III-14 shows the equivalent electric model of a single blade with voltage 
produce across reactive impedance that stand for blades torque. 
 
Figure III-14  The torque produced by the blade reactive impedance. 
3.4.2. Simulations 
The simulation characteristics of the rotor were taken from [42] and are presented in 
Table III-3. 
Table III-3    Blade’s simulation characteristics. 
Parameter Value/spécification 
Number of blades 1 
Aerofoil section NACA0012 
Average blade Reynolds number 40,000 
Aerofoil chord length 9.14 cm 
Rotor tip speed 45.7 cm/s 
Tip speed ratio 5 
Chord-to-radius ratio 0.15 
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a) Variations of Coefficients and Equivalent Electric Components with the Angle of 
Attack 
As discussed in Section 4.2, the blade’s lift and drag coefficients vary with the angle 
of attack of the wind, as shown in Figure III-9. These coefficients can then be used to plot 
the normal and tangential coefficients as a function of angle of attack using Equation (3). 
Furthermore, Figure 5 shows that the angle of attack changes as the blade rotates. Therefore, 
because the normal and tangential coefficients are obtained using lift and drag, as well as the 
lift and drag coefficients, the normal and tangential coefficients will vary according the blade 
position. The variations of the normal and tangential coefficients as functions of the angle of 
attack can be observed in Figure III-15. The obtained results agree with those in [43]. 
 
Figure III-15  Normal and tangential coefficient variations as functions of the angle of attack. 
Using the relations in Equations (59) and (61), we can then find the variations in the 
various equivalent electrical components according to the angle of attack. The forms of the 
BR  and BX  curves follow those of the normal and tangential coefficients. The variations of 
-200 -150 -100 -50 0 50 100 150 200
-2
-1.5
-1
-0.5
0
0.5
1
1.5
2
Angle of attack in degrees
No
rm
al
 a
nd
 T
an
ge
nt
ie
l c
oe
ffi
ci
en
ts
 
 
Normal Coef
Tangential Coef
 108 
 
the values of electric components with the blade angle of attack are plotted on Figure III-16 
and Figure III-17. 
 
Figure III-16  Lift, drag and normal resistance variations as functions of the angle of attack. 
 
Figure III-17  Reactive element variations as functions of the angle of attack. 
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b) Variations of Coefficients and Equivalent Electric Components with the Rotational  
Angle of the Blade 
The angle of attack gradually changes as the wind turbine rotor rotates. Figure 6 
shows that the angle of attack varies as a function of the rotational angle of the blade; for a 
tip speed ratio of 1.5, the angle of attack broadly varies between −45° and 45° during a 
complete rotation of the turbine. Figure III-15, Figure III-16 and Figure III-17 show that only 
parts of the various curves, that is, for angles of attack between −50° and 50° are involved in 
the fluctuations of the respective coefficients and electric elements during a complete 
rotation of the blade. Figure III-18 and Figure III-19 simulate the variations of the 
coefficients as well as the equivalent electrical components according to the blade rotational 
angle. Our obtained results are consistent with what can be found in the relevant literature in 
[71]. 
 
Figure III-18  Lift and drag coefficient variations as functions of rotational angle. 
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Figure III-19  Normal and tangential coefficient variations as functions of rotational angle. 
The value of the lift coefficient is almost equal to that drag coefficient, in absolute 
value, during the rotation of the blade. Meanwhile, the blade’s natural resistance as it moves 
through the air is nearly equivalent to the surface that opposes the blade weight by generating 
drag. Indeed, although the lift coefficient values alternate from positive to negative, the drag 
coefficient always remains positive. 
The normal and tangential coefficients are non-linear combinations of the lift and 
drag coefficients. Both are alternative values, and the normal coefficient is much more 
important. The pressure of air on the surface of the blade varies widely. We can deduce that 
the surface of the blade that is exposed to the wind pressure varies as the blade rotate. During 
a complete tour, it is equal to zero for the rotational angles π/2 and 3π/2. The tangential 
coefficient, responsible for the tangential force and thus of the power produced by the blade, 
is lower and alternate between positive and negative quantities. 
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We can now plot the variations of various equivalent electrical components with the 
rotational angle of the blade. The total resistance BR  is obtained by algebraic addition of the 
lift and drag resistances LR  and DR . Similarly, the total reactance BX  results from the 
algebraic addition of the lift inductive admittance and drag capacitive admittance. Figure 
III-20 and Figure III-21 show that the forms of the BR  and BX  curves follow those of NC  
and TC , respectively. This finding is further evidence that the simulation results obtained using 
the developed model are in agreement with those obtained using existing BEM models. 
 
Figure III-20  Lift, drag and normal resistance variations as functions of rotational angle. 
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Figure III-21  Lift, drag and normal admittance variations as functions of rotational angle. 
 
c) Cross Validation and Comparative Analysis 
Finally, to perform the cross-validation simulation, the results of the normal and 
tangential forces obtained with equivalent electric model (EEM) were compared with those 
obtained using DMSTM. The simulation results of the normal and tangential forces using the 
EEM model and DMSTM of DTVAWTs are superimposed. The obtained results are shown 
in Figure III-22 and Figure III-23. 
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Figure III-22  Cross validation of normal force variations as functions of rotational angle. 
 
Figure III-23  Cross validation of tangential force variations as functions of rotational angle. 
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Figures 22 and 23 show that EEM produces satisfactory results as these results are in 
agreement with the results obtained in [43,92] for a single blade. Indeed, even though a slight 
distortion between the EEM and DMSTM normal forces can be observed on Figure 22. 
Figure 23 clearly shows that the EEM and DMSTM tangential forces strongly overlap. 
3.5. CONCLUSIONS 
A new approach for modeling Darrieus-type VAWT rotors using the electric-
mechanic analogy was presented. This paper provides a proof-of-concept demonstration of 
the approach and attests to the feasibility of such a model through both step-by-step 
demonstrations of the theoretical and practical concepts that underpin the new model and 
simulations and cross validation of a single blade model. The obtained simulation results tie 
in with the findings of the Paraschivoiu double-multiple streamtube model found in the 
literature. 
An equivalent electrical model for Darrieus-type VAWTs was proven to be viable. 
We intend in our future work to finalize the model building process and address the electrical 
modeling of the blades’ mechanical coupling to the shaft to generate an EEM for the full 
three-blade DTVAWT rotor. A comparative study of the results of the new model and those 
of existing models will then conducted. 
The model that will emerge from this new approach is likely to be more appropriate 
for the design, performance prediction and optimization of Darrieus rotors. Mechanical fault 
diagnosis and prognosis is also an important aspect because the model could be used to 
simulate the rotor’s behavior in the case of mechanical faults in one or more of the blades as 
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well as in rotor-shaft coupling elements. The model will also enable the simulation of turbine 
operation in the case of mechanical faults in one or more elements of the rotor. 
Although further work must be conducted to build an EEM for the entire VAWT 
turbine, the findings of this study are encouraging and have practical applications for the 
determination and understanding of the aerodynamic factors that influence the performance 
of Darrieus-type VAWTs under different operating conditions. 
In future works, the results of the EEM for DTVAWTs will be considered for 
extension to other types of wind turbines, including horizontal axis and Savonious types. 
Additionally, the EEM of rotors may be used to study the influence of wind flow turbulence 
on turbine vibrations. Transitional (starting) and permanent sate functioning of VAWTs may 
also be examined. We will also use the model to simulate the behavior of a Darrieus WT in 
the case of a structural break in one or more blades. Finally, as a long-term goal, the EEM of 
the rotor will be linked to existing models of other electrical and mechanical parts to obtain 
a global model of a Darrieus WECS. 
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Electric Circuit Model for the Aerodynamic Performance 
Analysis of a Three-Blade Darrieus-Type Vertical Axis 
Wind Turbine: The Tchakoua Model 
Pierre Tchakoua, René Wamkeue, Mohand Ouhrouche, Ernesto Benini and Gabriel Ekemb 
Résumé 
L'aérodynamique complexe et instable des éoliennes à axe vertical pose d’importants 
défis aux outils de simulation. D’importants efforts de recherche ont récemment porté sur le 
développement de nouvelles méthodes d'analyse et d'optimisation de la performance 
aérodynamique des éoliennes a axe vertical. Cet article présente un modèle à base de circuit 
électrique pour les rotors d'éoliennes à axe vertical de type Darrieus. Le nouveau modèle 
baptisé ‘Tchakoua model’ est basé sur la description mécanique donnée par le modèle à 
double disque et multiples tubes de vent de Paraschivoiu et utilise l’analogie mécanique 
électrique. Des simulations du modèle ont été effectuées avec MATLAB pour une 
architecture de rotor à trois pales, caractérisée par un profil NACA0012, un nombre moyen 
de Reynolds de 40 000 pour la pale et une vitesse spécifique de 5. Les résultats obtenus 
montrent une forte concordance à la fois avec les simulations de modèles aérodynamiques et 
ceux de modèles de dynamique des fluides issues de la littérature. 
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Abstract 
The complex and unsteady aerodynamics of vertical axis wind turbines (VAWTs) 
pose significant challenges for simulation tools. Recently, significant research efforts have 
focused on the development of new methods for analysing and optimising the aerodynamic 
performance of VAWTs. This paper presents an electric circuit model for Darrieus-type 
vertical axis wind turbine (DT-VAWT) rotors. The novel Tchakoua model is based on the 
mechanical description given by the Paraschivoiu double-multiple streamtube model using a 
mechanical-electrical analogy. Model simulations were conducted using MATLAB for a 
three-bladed rotor architecture, characterized by a NACA0012 profile, an average Reynolds 
number of 40,000 for the blade and a tip speed ratio of 5. The results obtained show strong 
agreement with findings from both aerodynamic and computational fluid dynamics (CFD) 
models in the literature. 
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4.1 INTRODUCTION 
Darrieus-type vertical axis wind turbines (DT-VAWTs) are nonlinear systems that 
operate in turbulent environments. Therefore, it is difficult to accurately characterize their 
aerodynamic rotor behaviour across a wide range of operating conditions using physically 
meaningful models. Commonly used models are either derived from wind turbine data and 
are presented in a “black box” format or are computationally expensive. Indeed, most of these 
models lack both conciseness and intelligibility and are therefore prohibitive for the routine 
engineering analyses of the local interaction mechanisms of wind turbines. Furthermore, 
none of the models with high reliability and accuracy can be efficiently coupled with models 
of the other mechanical and electrical parts of the wind turbine to form a global model for 
the wind energy conversion system (WECS). 
Models are of central importance in many scientific contexts and are one of the 
principal instruments of modern science. Scientists spend considerable time building, testing, 
comparing and revising models, and many scientific publications are dedicated to 
introducing, applying and interpreting these valuable tools. The use of electrical circuit 
elements to model physical devices and systems has a long and successful history. 
Additionally, understanding analogies and constructing an analogue model for a given 
system allows the system to be studied in an environment other than that for which it is 
intended [1–3], thereby facilitating the study of specific system phenomena. Moreover, a 
model based on electrical components is accessible and quickly understood by researchers 
from almost all engineering fields. This wide understanding is of great importance because 
research and development in the wind turbine industry requires competencies from several 
different fields of engineering. Furthermore, the equivalent electrical model can take 
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advantage of existing resources by simultaneously capitalizing on the strengths of these 
resources and minimizing their respective drawbacks. In addition, such a model can be a 
good tool for simulating wind turbine rotor operation in the case of physical damage or 
structural faults on one or more blades. Finally, because electrical and other dynamic models 
for other parts of the wind turbine have been developed [4–11], this new rotor model can 
easily be linked to existing models to create an overall wind turbine model. 
This paper presents an electric circuit model for three-blade DT-VAWT rotors that 
we named the Tchakoua model. This model is based on a recently developed approach for 
modelling DT-VAWT rotors using the equivalent electrical circuit analogy that is presented 
in [12–14]. The proposed model was built from the mechanical description given by the 
Paraschivoiu double-multiple streamtube model and was based on an analogy between 
mechanical and electrical circuits. Thus, the rotating blades and the blades’ mechanical 
coupling to the shaft are modelled using the mechanical-electrical analogy, and the wind flow 
is modelled as a source of electric current. 
This paper is organized as follows: Section 2 presents the context of the work and the 
methodology used for building the model; Section 3 presents the theoretical background and 
the model construction; the results are presented and discussed in Section 4; and Section 5 
concludes the paper. 
4.2 CONTEXT AND METHOD 
4.2.1. Context 
Due to their compactness, adaptability for domestic installations, omni-directionality, 
and other advantages, VAWTs have recently become the focus of renewed interest. Several 
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universities and research institutions have conducted extensive research and developed 
numerous designs based on aerodynamic computational models [15–17]. For example, the 
on-going studies at the University of Québec at Abiti-Témiscamingue could construct a new 
model that is more appropriate for the design and further conceptual analysis focusing on 
operational optimization, condition monitoring, and fault prediction and detection of DT-
VAWT rotors. Figure IV-1 shows the “Cap d’Ours” three-blade VAWT that serves as a 
teaching and research tool at the University of Québec at Abitibi-Témiscamingue. 
 
Figure IV-1   “Cap d’Ours”, a curved, three-blade, Darrieus-type VAWT. 
Several advances have been made in the understanding and modelling of wind turbine 
aerodynamics. Various models for VAWT aerodynamic simulation can be found in the 
literature. These models can be broadly classified into four categories: momentum models, 
vortex models, cascade models and computational fluid dynamic (CFD) models. A literature 
survey on the most used models was conducted in [12,14]. Aerodynamics are still unable to 
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meet the demands of various applications, although the streamtube and vortex models have 
seen significant improvements. However, as with all knowledge, our understanding of 
aerodynamics is not absolute and can be viewed as tentative, approximate, and always subject 
to revision. For instance, CFD solutions remain very computationally expensive and are 
prohibitive for routine engineering analyses of the local interaction mechanisms of wind 
turbines. Furthermore, none of the models with high reliability and accuracy can be 
efficiently coupled with the models of the other mechanical and electrical parts of the wind 
turbine to create a global model for the wind energy conversion system (WECS). 
To overcome these problems, this paper presents a DT-VAWT model that is built 
using electric components. The Tchakoua model is a circuit-based model that is 
advantageous because it allows an electrical engineer to visualize and understand the working 
principles and the aerodynamics underlying the VAWT rotor functions and behaviour in a 
connected circuit better than a black box or a complex equation. Indeed, wind energy is a 
multidisciplinary domain with increasing research in the field of electrical engineering. 
Furthermore, the Tchakoua model could be linked to existing electric models of other 
mechanical and electrical parts of a wind turbine to form a global model for the WECS. Such 
a global circuit-based model for WECS will help users to understand the effects of various 
parameters on the aerodynamic blade forces and the effects of rotor structural faults on the 
overall WECS performance. According to [18–20], this model will contribute to constructing 
a global model that can be used to develop or improve the overall condition monitoring 
technique for WECS. Overall WTCM approaches include performance monitoring, power 
curve analysis, electrical signature, and supervisory control and data acquisition (SCADA) 
system data analysis. Compared to subsystem condition monitoring techniques, global 
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system condition monitoring techniques are nonintrusive, low cost and reliable; global 
monitoring techniques can be used in online monitoring to reduce downtime and OM costs 
[21–23]. Finally, the new model is very versatile and may therefore permit the study of 
various effects and phenomena, including dynamic stall effects, flow curvature effects, 
pitching circulation, added mass effects, interference among blades, and vibration effects. 
4.2.2. Method: The Mechanical-Electrical Analogy Approach 
Analogies are of greatest use in electromechanical systems when there is a connection 
between mechanical and electrical parts, especially when the system includes transducers 
between different energy domains, such as WECS. 
Mechanical-electrical analogies are used to represent the function of a mechanical 
system as an equivalent electrical system by drawing analogies between mechanical and 
electrical parameters. The main value of analogies lies in the way in which mathematics 
unifies these diverse fields of engineering into one subject. Tools previously developed for 
solving problems in one field can be used to solve problems in another field. This is an 
important concept because some fields, particularly electrical engineering, have developed 
rich sets of problem-solving tools that are fully applicable to other engineering fields [24]; 
for example, there are simple and straightforward analogies between electrical and 
mechanical systems. Furthermore, analogies between mechanical systems and electrical or 
fluid systems are effective and commonly used. 
Two valid techniques for modelling mechanical systems with electrical systems or 
for drawing analogies between the two types of systems can be found in the literature, and 
each method has its own advantages and disadvantages [25–28]. The first technique is 
intuitive; in this technique, current corresponds to velocity (both consist of motion), and 
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voltage corresponds to force (both provide a “push”). The second technique is the 
through/across analogy that uses voltage as an analogy for velocity and current as an analogy 
for force. The two schools of thought for modelling mechanical systems with electrical 
systems are presented in Table 1. Although both are valid, the through/across analogy results 
in a counterintuitive definition of impedance [24,29,30]. The universally applied analogy for 
impedance is that from the intuitive analogy listed in the corresponding section of Table IV-1. 
Therefore, the intuitive analogy is used in the present study. 
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Table IV-1    System analogy used for developing the new model. 
Topology-Preserving Set (Book’s Analogy)  
   Intuitive Analogy Set 
  
⟸⟹  
Intuitive Stretch 
 
⟸⟹  
Topology Change  
  
Description Trans Mech Rot Mech Electrical Thermal Fluid Trans Mech Rot Mech Description 
“Through” 
variable 
𝑓 (force) 𝜏 (torque) 𝑖 (current) 
𝜙 (heat 
flux) 
q (flow) 𝑣 (velocity) 
ω (angular 
velocity) 
Motion 
“Across” 
variable 
𝑣 (velocity) 
ω (angular 
velocity) 
ν (voltage) T, θ p (pressure) 𝑓 (force) 𝜏 (torque) Push (force) 
Dissipative 
element 
𝑣 =
𝟏
𝑩
 𝑓 ω =
𝟏
𝑩𝒓
𝜏 𝑣 = 𝑖𝑹 𝜃 = 𝜙𝑹 𝑝 = 𝑞𝑹 𝑓 = 𝑣𝑩 𝜏 = ω𝑩𝒓 
Dissipative 
element 
Dissipation 𝑓ଶ
𝟏
𝑩
=
𝑣ଶ
𝟏/𝑩
 𝜏ଶ
𝟏
𝑩
=
ωଶ
𝟏/𝑩
 𝑖ଶ𝑹 = 𝑣ଶ/𝑹 N/A 
𝑞ଶ𝑹
= 𝑝ଶ/𝑹 
𝑣ଶ𝑹
= 𝑓ଶ/𝑹 
𝜔ଶ𝑩𝒓
= 𝜏ଶ/𝑩𝒓 
Dissipation 
Through-
variable 
storage 
element 
𝑣 = 𝟏
𝑲
ௗ௙
ௗ௧
 or 
∫ 𝑣𝑑𝑡 = 𝟏𝑲 𝑓 
ω = 𝟏
𝑲𝒓
ௗఛ
ௗ௧
   or 
∫ 𝜔𝑑𝑡 = 𝟏𝑲𝒓 𝜏 
𝑣 = 𝑳
𝑑𝑖
𝑑𝑡
 N/A 𝑝 = 𝑰
𝑑𝑞
𝑑𝑡
 
𝑓 = 𝑴 ௗ௩
ௗ௧
 
(one end 
must be 
“grounded”) 
𝜏 = 𝑱 ௗன
ௗ௧
 
(one end 
must be 
“grounded”) 
Motion 
storage 
element 
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Energy 𝐸 = ଵଶ  
𝟏
𝑲
𝑓ଶ 𝐸 = ଵଶ
𝟏
𝑲𝒓
𝜏ଶ 𝐸 = ½𝑳𝑖ଶ  𝐸 = ½𝑰𝑞ଶ 𝐸 = ½𝑴𝑣ଶ 𝐸 = ½𝑱ωଶ Energy 
Impedance 
Standard definition is shown to the 
right 
𝑉(𝑠) = 𝐼(𝑠)𝑳𝒔  
𝑃(𝑠)
= 𝑄(𝑠)𝑰𝒔 
𝐹(𝑠)
= 𝑉(𝑠)𝑴𝒔 
𝑇(𝑠)
= Ω(𝑠)𝑱𝒔 
Impedance 
Across-
variable 
storage 
element 
𝑓 = 𝑴 ௗ௩
ௗ௧
 (one 
end must be 
“grounded”) 
𝜏 = 𝑱
𝑑𝜔
𝑑𝑡
 𝑖 = 𝑪
𝑑𝑣
𝑑𝑡
 
ϕ = 𝑪 ௗ஘
ௗ௧
 
(one end 
must be 
“grounded”) 
𝑞 =
𝑪 ௗ௣
ௗ௧
 (one 
end is 
usually 
“grounded”) 
𝑣 = 𝟏
𝑲
ௗ௙
ௗ௧
 or 
∫ 𝑣𝑑𝑡 = 𝟏𝑲 𝑓 
ω = 𝟏
𝑲𝒓
ௗఛ
ௗ௧
  
or ∫ ω𝑑𝑡 =
𝟏
𝑲𝒓
𝜏 
Push (force) 
storage 
element 
Energy 𝐸 = ½𝑴𝑣ଶ 𝐸 = ½𝑱ωଶ 𝐸 = ½𝑪𝑣ଶ 
𝐸 = 𝑪𝑇 
(not 
analogous) 
𝐸 = ½𝑪𝑝ଶ 𝐸 = ଵଶ  
𝟏
𝑲
𝑓ଶ 𝐸 = ଵଶ
𝟏
𝑲𝒓
𝜏ଶ Energy 
Impedance 
The standard definition of mechanical 
impedance is the one on the right, 
based on the intuitive analogy 
𝑉(𝑠)
= 𝐼(𝑠)
𝟏
𝒔𝑪
 
Θ(𝑠)
= Φ(𝑠)
𝟏
𝒔𝑪
 
𝑃(𝑠)
= 𝑄(𝑠)
𝟏
𝒔𝑪
 
𝐹(𝑠)
= 𝑉(𝑠)
𝑲
𝒔
 
𝑇(𝑠)
= Ω(𝑠)
𝑲𝒓
𝒔
 
Impedance 
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4.3 MODEL CONSTRUCTION 
  Theoretical Background 
DT-VAWTs are lift-based machines, i.e., their driving torque is mainly generated 
by the lift force, and they consist of two or more aerofoil-shaped blades attached to a rotating 
vertical shaft. The interaction between the wind and the rotating blades creates a system of 
lift and drag forces over the blades themselves. The instantaneous resultant of these forces is 
dominated by the lift effect that is responsible for the aerodynamically generated mechanical 
torque. If we consider a Darrieus-type VAWT, as shown in Figure IV-2, the aerofoil blade is 
characterized by the height 2H, the rotor radius R, the number of blades Nb = 3 and the blade 
chord c. For a given point on any of the blades, r and z are the local radius and height, 
respectively. When the rotor is subject to an instantaneous incoming wind speed W0(t), it 
turns at a rotational speed ω(t). 
 
Figure IV-2   Schematic of a curved, three-blade DT-VAWT. 
Figure IV-3 shows the aerodynamic forces and the three velocity vectors acting on 
DT-VAWT blade elements at a random position [31,32]. FL and FD are the lift and drag force, 
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respectively. As the blade rotates, the local angle of attack α varies with the relative velocity 
Wr. The incoming wind speed W0 and the rotational velocity of the blade ω govern the 
orientation and magnitude of Wr [33,34]. In turn, the forces FL and FD acting on the blade 
vary. The magnitude and orientation of the lift and drag forces vary along with the resultant 
force. The resultant force can be decomposed into a normal force FN and a tangential force 
FT. The tangential force component drives the rotation of the wind turbine and produces the 
torque necessary to generate electricity [35]. 
 
Figure IV-3   Velocity and force components for a DT-VAWT. 
A new approach for modelling DT-VAWT rotors using the electric-mechanic analogy 
was presented in [12–14]. These works provide a proof-of-concept demonstration of the 
approach and verify the feasibility of such a model through step-by-step demonstrations of 
the theoretical and practical concepts that underpin the new model as well as simulations and 
cross-validation of a single-blade model. 
 Wind Flow as a Current Source 
As stated in [12,14], an analogy can be made between the wind flow in a streamtube 
and an electric current. If the incident wind flow is assumed to be an electric current, then 
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the wind’s relative dynamic pressure flow can be defined as 21
2 rb
q W  (where q is given in 
𝑁/𝑚ଶ and the fluid density ρ is given in kg/m3), which is the energy of the wind due to its 
velocity, that can be considered an electric energy source. Thus, the instantaneous expression 
of the current source that represents the relative wind seen by the blade is as follows: 
 
 
sin 2     for  / 2 / 2
( )
sin 2     for   3 / 2 / 2
u
w d
t
i t
t
    
    
     
    
 (1) 
where    
2
2 22
0
0
1 sin cos cos
2 b b
RW
W
   
          
 
and 1 cos costan
sin
b
i b
  
 
     
. 
  is the modulus of the current flow that varies with the rotational angle of the blade. 
For the Double-multiple multi-streamtube model shown in Figure IV-4, the modulus of the 
corresponding current in the downwind disk is slightly lower than that in the upwind disk, 
that is ( d u  ). 
 
Figure IV-4   Double-multiple multi-streamtube model. 
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As described in [12,14], the airflow in a streamtube can be compared to wind flow on 
a thin flat disc that is parallel to the airstream. In such conditions, the resistance to the airflow 
due to air friction on both sides of the plate is minimal, and the wind driving pressure 
difference from one point of the streamtube to another is approximately zero. Thus, the 
resistance to wind flow is zero, meaning that the electric resistance parallel to the current 
source tends to infinity such that the total current produced by the current generator flows in 
the blade. The improved equivalent electric model for wind flow in a double-multiple multi-
streamtube model is shown in Figure IV-5. 
 
Figure IV-5   Electric circuit model for wind flow. 
 Electric Circuit Model for a Single Blade 
The aerodynamic force coefficients acting on a cross-sectional blade element of a 
Darrieus wind turbine are shown in Figure IV-6. The directions of the lift and drag 
coefficients as well as their normal and tangential components are illustrated in this figure. 
The effort variable is voltage, while the flow variable is electrical current. The ratio of voltage 
to current is the electrical resistance (Ohm’s law). The ratio of the effort variable to the flow 
variable in other domains is also described as resistance. Oscillating voltages and currents 
with a phase difference between them provide the concept of electrical impedance. 
Impedance can be considered an extension to the concept of resistance: resistance is 
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associated with energy dissipation, while impedance encompasses both energy storage and 
energy dissipation. 
 
Figure IV-6   Aerodynamic coefficients acting on a Darrieus wind turbine blade element [36]. 
We consider a complex coordinate system as shown in Figure 6, where the vertical 
axis is assumed to be real and the horizontal axis is assumed to be imaginary. Then, the lift 
and drag coefficients can be written as follows: 
sincos
cos
cossin
cos
L L
L
D
D D
C jC
C
C C jC




               
(2)
The total impedance for a blade element is obtained by adding the elementary lift and 
drag impedances. We can then write: 
 B B B N TZ R jX Z jZ     
(3) 
where 
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N B L D
B L DT
Z R R R
X X XZ
                 (4) 
and 
L
1
L
D
1D
L
L
1D
D
1
cosφ
sin φ
sin φ
cosη
cosφ
cosη
n
i i i i
i
n
i i i i
i
n
i
i i i
i i
n
i
i i i
i i
c z C
R
c z C
R
X c z C
X
c z C




 
 
 
  
  
      
  
   
 
 
 




 (5) 
where LiR  and LiX  are the resistive and inductive components of the lift impedance, 
respectively, while DiR  and DiX  are the resistive and inductive components of the 
elementary drag impedance, respectively. Because LiC  varies with the angle of attack α, LiR  
and LiX   correspond to a variable resistor (  L αi iR f ) and a variable inductor (
 L αi iX f ), respectively. Similarly, because DiC  varies with the angle of attack α, DiR  and 
DiX correspond to a variable resistor (  D αi iR f ) and a variable capacitor (  D αi iX f ), 
respectively. 
Figure IV-7 shows the enhanced equivalent electric model of a single blade. The 
normal and tangential voltages produced by the blade can be expressed as follows: 
 
0 B
N wN B
π /2
BT wT B
2αe
2α, 2α π2αe
2
i
i
RZ IV R
XZ IV X
                               
 (6) 
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Figure IV-7   Electric circuit model for a single blade. 
The variation of the lift, drag and normal resistances as well as those of the lift, drag 
and tangential reactances are shown in Figure IV-8 and Figure IV-9, respectively [14]. These 
resistances and reactances are obtained considering a blade element; therefore, they are given 
per unit of blade height. 
 
Figure IV-8   Lift, drag and normal resistance variations as functions of the angle of attack. 
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Figure IV-9   Lift, drag and tangential reactance variations as functions of the angle of attack. 
Following the laws of electrical circuit analysis, the branch with WR   can be 
assumed to be an open circuit, and the total voltage across a blade can be obtained from the 
algebraic sum of the lift and drag voltages. We can then write: 
 B w B w N T N TV I Z I Z jZ V V        (7) 
When the blade is turning, the elementary work (or elementary amount of mechanical 
energy) is produced when an elementary force is exerted on an elementary linear distance 
rd  covered by the blade. Furthermore, because the torque varies with the azimuth angle of 
the blade, the torque produced by a blade element is obtained by integrating with respect to 
the rotational angle. Then, the total torque produced by the entire blade for a complete 
revolution of the turbine is obtained by adding n discrete elementary torques over the full 
height of the rotor: 
2
2
0
1 1 10
1
2 2
n n n
i
B Bi Bi i Bi
i i i
rT T X d r X d
 
 
   
            
    .              (8) 
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The final expression of the total torque is then obtained;  
2
0
1
sin cos1
2 cos cos
n
i i
B i i i Li Di
i i i
T rc z C C d
   
  
  
       
 . (9)
 Electric Circuit Model for the Blades’ Mechanical Coupling to the Shaft 
The wind turbine shaft is connected to the centre of the rotor; this shaft supports the 
rotor (hub and blades) and transmits the rotary motion and torque moments of the rotor to the 
gearbox and/or generator. When the rotor spins, the shaft spins as well. In this way, the rotor 
transfers its rotational mechanical energy to the shaft and then to an electrical generator on 
the other end. If we assume that the rotor’s mechanical coupling to the shaft is ideal, then it 
would be electrically equivalent to an ideal transformer. Figure IV-10 shows the equivalent 
electric diagram for a single blade coupled to the shaft. 
 
Figure IV-10  Equivalent diagram for a single blade coupled to the shaft. 
At this stage of the WECS (shaft), we no longer consider fluid mechanics; instead, 
we address translation and/or rotation mechanics. Assuming an ideal autotransformer, the 
voltage at the primary side is equal to that at the secondary side, i.e., Si TiV V . The current 
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produced by the source corresponds to the relative wind seen by the blades at any moment. 
That is, for each blade: 
   
2
2 22 2( )
0
0
1 sin cos cos
2
j
B w b b
RI I V e
V
     
          
 (10) 
2j
BI e   
 
(11) 
where    
2
2 22
0
0
1 sin cos cos
2 b b
RW
W
   
          
 and 
1 cos costan
sin
b
i b
  
 
     
. 
We can then obtain: 
 2α 2
B
i
TV X e
 . (12) 
Because the mechanical coupling of a single blade I to the shaft can be modelled as an ideal 
autotransformer, we can then write: 
 
Ti Si
Ti Si
V V
I I

 
 (13) 
Assuming that the rotor mechanical coupling of three blades to the shaft is ideal, this coupling 
can be electrically modelled as multiple ideal primary transformers, as shown in Figure 
IV-11. 
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Figure IV-11  Rotor coupling of three blades modelled as an electric transformer. 
The windings of the corresponding transformer are made so that the following is true: 
31 2
1 2 3
TT T R
R
VV V V
a a a a
    (14) 
Because we have 1 2 3 Ra a a a   , we can write: 
1 2 3R T T TV V V V  
   
 (15) 
The voltage at the secondary of the transformer can be obtained by vector addition of 
the three primary voltages because 1TV

, 2TV

 and 2TV

 have variable moduli and phases while 
the phase difference from one blade to another remains constant. At any instant, the three 
voltages behave as if in an unbalanced three-phase system. 
As suggested in the intuitive analogy, the rotational speed of the shaft ω is analogous 
to the electrical current. Finally, the rotational speed of the shaft can be assumed to be 
equivalent to the electric current at the secondary of the transformer, i.e., IS = ω. We can 
therefore write the following relations: 
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1 2 3
1 2 3 3
S S S S
S S S
I I I I
I I I


   
   
 (16) 
4.4 RESULTS AND DISCUSSION 
4.4.1. Electric Circuit Model for Three-Blade DT-VAWT Rotors: The Tchakoua 
Model 
We can now construct the equivalent electric model for the whole three-blade turbine. 
The equivalent circuits for various blades are brought together and are coupled based on the 
developments presented in Section 3. Figure IV-12 presents the Tchakoua model, which is 
the global equivalent electric model for a three-blade DT-VAWT. 
 
Figure IV-12  Equivalent electric diagram for a three-blade DT-VAWT. 
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Because the rotor has three blades, the angle between two blades is . If we assume 
a constant wind flow, then the blades are subject to the same current vector with their 
respective phase delays. Assuming that the rotor turns in the forward rotational direction, we 
can write: 
1 2 3B B BI I I  ;    2 1 2arg arg 3B BI I
   and    3 1 2arg arg 3B BI I
  . 
Then, the following matrix can be obtained: 
1
2
3
1 1
2 2
33
0 0
Im 0 0
0 0
BB B
B B B
BB B
ZV I
V Z I
IV Z
                            
 (17) 
Considering the operator 𝑎ത = 1∠120, we have 22 1B BI a I   and 3 1B BI a I  . Thus, 
the voltage vectors for the three-blade rotor can be written as follows: 
1
2
3
1
2
2 1
3
0 0 1
Im 0 0
0 0
BB
B B B
B B
ZV
V Z a I
aV Z
                             
 (18) 
*
11 11
* 2 *
2 2 2 2 1
*
3 3 33
1SB BB
B B S B S
B B BS
IV VS
S V I V a I
S aV VI
                                       
 
  
(19) 
Following Figure 4, the apparent power representing the contribution of the whole 
rotor to the shaft power can be obtained by adding the power produced by the three blades 
separately: 
2
3

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* *
1 1 1( )T T S B B B SS V I V V V I     
(20) 
Finally: 
 1 2 3 22T B B B SS Z Z a Z a I    (21) 
The voltage produced by a sectional element of a single blade varies with its azimuth 
position and relative radius and height. The curved blade is discretized into n blade elements, 
as suggested in [14], and the average power produced by a blade element for a complete 
revolution of the turbine is obtained by integrating the elementary power with respect to θ. 
2
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S s t d t
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                                                 (22) 
For different blades, the blades elements at the same high will produce the same 
power. We can then write:  
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That is: 
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We the obtain: 
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Finally, the total average power produced by sectional element of the rotor is obtained 
by adding the power from each of the three blades. 
     
2
2 2 22
0 0
0
33 . sin cos cos
2 2 i iT B D L b b b
r RS S W X X d
W
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
               
  (26) 
4.4.2. Simulation Results 
This section presents the results of the Tchakoua model for a three-blade DT-VAWT. 
The simulations were performed in MATLAB using data for NACA0012 that was obtained 
from different literature sources [37–39] with Reynolds numbers ranging from 500,000 to 
approximately 750,000. We choose the NACA0012 blade profile because it is one of the 
most studied and most commonly used profiles [39] Finally, the simulation results were 
assessed using results from the literature [40]. 
The simulation characteristics of the rotor were taken from [34] and are presented in 
Table IV-2. 
Table IV-2    Blade simulation characteristics. 
Number of Blades 3 
Aerofoil section NACA0012 
Blade’s average 
Reynolds number 
40,000 
Aerofoil chord length 9.14 cm 
Rotor tip speed 45.7 cm/s 
Tip speed ratio 5 
Chord-to-radius ratio 0.15 
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a) Simulation Results for Current Sources 
Figure IV-13 shows the current variations for each blade. These variations are similar 
to those of AOA as a function of the rotational angle of the blade. In addition, the incident 
current for a given blade is at a maximum when its AOA is at a maximum; similarly, the 
incident current is minimal or zero when the AOA is minimal or zero. Furthermore, the 
incident currents appear similar to the alternating current of a symmetric three-phase power 
supply system with the same frequency and voltage amplitudes relative to a common 
reference but with a phase difference that is one-third of the period. 
 
Figure IV-13  Incident current variations as functions of the rotational angle. 
b) Variations of the Resistances and Reactances in the Model 
The total normal and resistive components of the blade impedance Rb and the total 
tangential and reactive components of the blade impedance Xb are plotted using the relations 
in Equations (4) and (5). Figure IV-14 and Figure IV-15 show the variations of Rb and Xb for 
the three blades as functions of the rotational angle. 
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Figure IV-14  Variations of the blade total resistance as a function of the rotational angle. 
 
Figure IV-15  Variations of the blade reactance as a function of the rotational angle. 
For a given blade, the resistance is zero when the blade rotational angle corresponds 
to wind incident angle equal to zero, that is a shortly before  and  for B1. At these 
positions, the blade is parallel to the wind flow streamtubes, and the incident angle is 
therefore zero. In addition, the blade’s B1 resistance is at a maximum when corresponding 
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wind incident angle is minims, which corresponds to a position close to 190° from the 
reference point for these blade positions, the blades are perpendicular to the wind flow 
streamtubes, and the incident angle is at its maximum. Furthermore, the resistances vary 
between positive and negative quantities. According to our model inspired from double-
multiple multi-streamtube models, the resistance of the blade to the wind flow is considered 
to be positive in the upwind disk and negative in the downwind disk. 
The reactance of B1 is minimal when it is at  and . At these positions, the 
blade is parallel to the wind flow streamtubes, and the incident angle is therefore zero; thus, 
the contribution of the wind to the torque production is negligible. Starting from , the 
blade reactance continues to increase reaching two maximums respectively at 160° and 220°. 
At between 160° and 220°, a valley appears that is caused by dynamic stall, which occurs 
when an aerofoil, operating in unsteady flow, overcomes the static stall angle. For a VAWT 
with a fixed blade geometry in unsteady flow and a given induction factor, the angle of attack 
is a function of the azimuth angle; for λ < 5, the angle of attack can overcome the static stall 
angle, causing dynamic stall. During dynamic stall, large leading edge separated vortices are 
formed, delaying lift loss until they are convected over the surface results in a rapid decrease 
in lift. 
c) Variations of the Normal and Tangential Voltages 
Figure IV-16 and Figure IV-17 plot the normal and tangential voltage variations as 
functions of the blade position, respectively. 
The normal voltage produced by the blade during a complete rotation varies from 
zero to a minimal value. All the normal voltages are negative quantities at any instant of 
2
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blade rotation because they stem from the drag coefficient and constitute obstructions to the 
blade rotation, meaning that they are negative contributions to the torque production. During 
a complete rotation of the reference blade, there are two minimums at rotational angles for 
which the angle of attack is zero at 190° and 350°. The negative value of the resistance 
matches the contribution of this impedance element in the blade movement and thus in the 
torque production. 
 
Figure IV-16  Normal voltage variations of the blade as a function of the rotational angle. 
The tangential voltage produced by the blade during a complete rotation varies 
following an alternative and 2π periodic signal. During a complete rotation of the blade, the 
tangential voltage is equal to zero at  and ; these points are also inflexion points that 
correspond to angles for which the tangential impedance is zero. Similar to the tangential 
impedance, a valley occurs between 160° and 220° due to dynamic stall. The total voltage 
produced by the rotor is obtained by adding the voltages produced by the blades. As shown 
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in Figure 17, the total voltage is an alternative and  periodic signal is not equal to zero 
because at any moment, the blade voltage is an unbalanced three-phase system. The effect of 
dynamic stall can also be observed for the total voltage at  and every  after this point. 
 
Figure IV-17  Tangential voltage variations of the blades as a function of the rotational angle. 
d) Power Variations Produced as a Function of the Rotational Angle 
The power produced by individual blades and the total power produced by the whole 
rotor are plotted in Figure IV-18. These results agree with findings in [32,35,41-43]. The 
power produced by each blade is always positive and is a variable and periodic quantity with 
a period of π. The power produced by a blade varies similar to the reactance with negative 
reactance producing positive power. A phase difference of  exists between the powers of 
the three blades. The total power for the rotor is always a positive quantity; is variable and 
periodic with a period of . The results obtained show strong agreement with results from 
both aerodynamic and CFD models in the literature. 
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Figure IV-18  Power produced by the blades as a function of the rotational angle. 
The normal and tangential voltages are both periodic values that undergo important 
variations during rotor rotation. The total tangential voltage produces the total torque. 
4.5 CONCLUSIONS 
In this paper, an electric circuit model for a three-blade DT-VAWT rotor is proposed. 
The new Tchakoua model is based on a new approach for modelling DT-VAWT rotors using 
the mechanical-electrical analogy. Indeed, the construction of this novel model is further to 
the proof-of-concept demonstration of the relevancy of modelling VAWTs rotors using 
electrical equivalent circuit analogy that was performed in previous research work. The 
model is based on an analogy with the double multiple streamtube model and was obtained 
by combining the equivalent electrical models for the wind, the three blades and the 
mechanical coupling. For validation, simulations were conducted using MATLAB for a 
three-bladed rotor. Results obtained for models outputs such as voltages and power are 
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consistent with findings of the Paraschivoiu double-multiple streamtube model as well as 
Frank Scheurich among others. 
The Tchakoua model is more appropriate for the design, performance prediction and 
optimization of Darrieus rotors. Mechanical fault diagnosis and prognosis are also important 
because the model can be used to simulate rotor behaviour in the event of mechanical faults 
in one or more of the blades or in the rotor-shaft coupling elements. The model can also 
simulate turbine operation in the event of mechanical faults in one or more rotor elements. 
The simulations were conducted in MATLAB, and the results show high accuracy with the 
Paraschivoiu model as well as other results in the literature. 
Despite the very simple design philosophy of VAWTs, their aerodynamics presents 
several challenges. The main feature of VAWTs is that the effective angle of attack “seen” 
by the blades undergoes a very large variation that in moderate to low tip speed conditions 
drives the blades into stall for both negative and the positive angles of attack. In future works, 
we intend to implement the Tchakoua model in simulation tools such as MATLAB Simulik 
or P-SPICE to study the effects of varying angles of attack within the post-stall region on 
flow unsteadiness and dynamic stall phenomena. The model could be extended to other types 
of wind turbines including horizontal axis wind turbines, Savonious-type VAWTs and hybrid 
Darrius-Savonius VAWTs. Additionally, the Tchakoua model will be used to study the 
influence of wind flow turbulence on turbine vibrations. Transitional (starting) and 
permanent sate functioning of VAWTs may also be examined. Finally, we intend to use the 
model to study the impact of structural faults in one or more blades on a DT-VAWT. As a 
long-term goal, the Tchakoua model will be linked to existing models of other electrical and 
mechanical wind turbine parts to obtain a global Darrieus-type WECS model. 
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CONCLUSION AND RECOMMENDATIONS  
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5.1. Conclusion 
The aerodynamic characteristics of vertical-axis wind turbines are somewhat more 
complex compared to those of horizontal-axis configurations and are partially responsible 
for the fact that industrial and academic research has focused primarily on horizontal-axis 
turbines in the past decades. This has had the result that vertical-axis wind turbines are still 
relatively poorly understood compared to horizontal-axis wind turbines. However, vertical-
axis wind turbines are becoming ever more important in wind power generation thanks to 
their compactness and adaptability for domestic installations. Furthermore, it is well known 
that VAWTs have poor efficiency, especially compared to HAWTs.  
The blades are governing the turbine’s efficiency and their power output is primarily 
given by their design. The challenges in vertical axis wind turbines have not yet been all 
mastered. The accurate modelling of the aerodynamics of vertical-axis wind turbines poses 
a significant challenge as past experiences showed that good rotor modelling for accurate 
condition monitoring has not reached a matured and reliable state of the art. The cyclic 
motion of the turbine induces large variations in the angle of attack on the blades of the rotor 
that result in significant unsteadiness in the blade aerodynamic loading and can manifest as 
dynamic stall. In addition, aerodynamic interactions occur between the turbine blades and 
the wake that is generated by the rotor.  
Commencing this research, an inventory and classification of WTCMTs highlighted 
the fact that a combination of preventive and reactive maintenance strategies can improve 
reliability, availability, and maintainability of WTs while reducing maintenance costs. Also, 
a quick literature survey was performed on most used models and presented the relevant 
features as well as the advantages and shortcoming for each model category.  
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The object of the current PhD thesis was to contribute to the development of new 
tools, techniques and methods to improve the design, optimization, diagnosis, prognosis and 
monitoring of Darrieus vertical axis wind turbines to better ensure their maintenance.  
A new approach for modeling Darrieus-type VAWT rotors using the electric-
mechanic analogy was presented based on double multiple streamtube model. A proof-of-
concept demonstration of the approach attested the feasibility of such a model through both 
step-by-step demonstrations of the theoretical and practical concepts that underpin the new 
model and simulations and cross validation of a single blade.  
Then, an electric circuit model for a three-blade DT-VAWT rotor was developed. The 
so called Tchakoua model was obtained by combining the equivalent electrical models for 
the wind, the three blades and the mechanical coupling. For validation, simulations were for 
single blade using MATLAB and cross validation was done with findings of existing models. 
Various simulations for the VAWT three-bladed rotor were also perform in MATLAB. 
Outputs variables such as voltages and power are consistent with findings of the Paraschivoiu 
double-multiple streamtube model as well as Frank Scheurich among others.  
5.2. RECOMMENDATIONS 
The new model built in this thesis could be more suitable for the supervision and 
diagnosis of AVEs for better maintenance. However, as any new model, this model can be 
improved and upgrade to make it more realistic. Because not all the objectives of the project 
were fulfilled, some future work is necessary to be done: 
 Upgrade the model by improving wind modeling. Indeed, the current modulization 
considers wind flow to be of constant direction and intensity which is far from reality. 
An improved wind model would consider the different turbulences in the wind flow. 
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 Use the new model to study the effects of varying angle of attack in the aerodynamic 
stall region and the instability generated. 
 Use the model to study the impact of structural faults on one or more blades on the 
quality of wind turbine electrical production.  
 Build default models for VAWTs rotors including for cases of mass imbalance and 
blades aerodynamic asymmetry. 
 Finally, as a long-term goal, the model will be assembled with existing electrical 
models of other electrical and mechanical parts of VAWTs to build a global 
equivalent electrical model of the wind-energy conversion system. This global model 
will open the way for the study of certain phenomena from a macroscopic point of 
view. It would also be interesting to extend this modeling approach and apply it to 
other types of wind turbines such as horizontal axis wind turbines, Savonious wind 
turbines and Darrieus Savonius hybrid wind turbines. 
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